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wThls  study  continues  the  es^rinental  investigation  of  the 
thermal  and  chemical  erosion  characteristics  of  steel  alloys  which 
were  begun  under  Contract  DAAG46’‘72’*C’-0078.  The  high  pressure 
» 3 kbars)  and  high  tesqperature  3000  K)  environment  to  which 
he  steel  specimens  are  subjected As  produced  by  a ballistic  com- 
pressor and  by  a solid  propellantCggnbustor . Equilibrium  thermo- 
chemical  calculations  of  the  possib^^reactlons  indicate  that  the 
most  probable  reaction  products  aref^ldes,  nitrides,  carbides,  and 
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0 . Abstract  - Continued 

carbonyls,  in  that  order.  The  cause  of  surface  cracks  was  found  to 
be  thermal  and  not  relatable  to  the  degree  and  severity  of  erosion. 
Erosion  tests  of  the  pure  metals  used  as  alloying  elements  revealed 
that  molybdenum  has  the  highest  erosion  resistance,  followed  by 
nickel.  There  is  no  evidence  that  alloying  elements  alter  the 
chemical  interaction  bet%#een  oxygen  and  iron.  SEM  studies  revealed 
that  «dien  an  accumulation  of  oxide  scale  occurs  with  successive 
firings,  oxidation  and  thermal  protection  is  provided.  It  is  hypoth- 
esized that  as  long  as  steel  remains  below  its  solidus  tesqperature^ 
the  primary  erosion  mechanism  is  the  reaction  of  combustion  gases 
with  the  steel  surface  to  form  scales  and  the  sxibsequent  carrying- 
away  of  the  scales  by  the  high  speed  flow. 
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SUMMARY 


The  chemical  erosion  characteristics  of  steel  alloys  by  high 
pressure  and  high  temperature  gases  were  investigated.  Thermo- 
dynamic calculations  of  the  reactions  of  the  individual  gas- 
eous con^nents  of  propellant  gases  with  the  alloying  elements 
of  steel  showed  that  the  most  probable  reaction  products  are 
the  metal  oxides  followed  by  the  nitrides,  carbides  and  the 
carbonyls.  Equilibrium  calculations  of  the  Fe-02r  Pe-C02- 
CO  and  Fe-H20-H2  system  indicated  that,  for  typical  propellant 
compositions,  wustlte  (FeO)  is  the  most  likely  product  of  the 
chemical  Interaction  between  propellant  gases  and  steel  alloys. 

Experimental  investigations  of  the  erosion  of  steel  alloys 
were  performed  using  as  the  hot,  high  pressure  gas  source  for 
convective  heating  a vented-combustor  and  a ballistic  compressor • 
apparatus . 

Scanning  Electron  Microscope  (SEM)  studies  of  the  eroded 
surfaces  of  steel  specimens  subjected  to  the  action  of  high 
pressure  propellant  gases  revealed  (a)  the  presence  of  a 
scale  that  becomes  less  abundant  as  the  combustor  peak  pressure 
Increased  and  (b)  the  presence  of  crack  formations  whose  width 
increased  with  increasing  combustor  peak  pressure.  The  crack 
dimensions  were  shown  to  depend  on  the  isochoric  flaitMt  temp- 
erature of  the  propellant  (i.e.,  the  higher  the  isochoric  flame 
temperature  of  the  propellant  the  wider  the  cracks  on  the 
underlying  metal  surface)  and  to  be  inversely  dependent  upon 
the  thermal  conductivity  of  the  steel.  Tests  performed  thus 
far  (including  high  pressure  and  high  temperature  H2  tests 
on  steel)  indicate  that  the  mechanism  of  crack  formation  is 
thermal,  i.e.,  cracks  were  formed  to  relieve  the  strain  produced 
by  the  rapid  heating  and  cooling  processes.  The  role  of  cracks 
on  the  overall  mass  erosion  experienced  by  the  steel  alloys 
is  believed  to  be  secondary. 

The  ballistic  compressor  was  used  to  study  the  erosive 
action  of  Iftdlvidual  gases  at  high  pressure  and  high  temperature 
on  steel  alloys.  Coo^arison  of  rectangular  and  circular  steel 
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orifices  showed  that  both  geometries  experienced  the  same 
mass  erosion  per  unit  surface  area.  This  result  Indicates 
that  the  depth  of  the  thermal  wave  is  much  smaller  than  the 
radius  of  curvature  of  the  circular  orifices.  In  agreement 
with  the  results  reported  In  Part  I of  this  study, ^ hydrogen 
and  molecular  oxygen-containing  gases  (O2/N2  and  H2/O2/N2 
mixtures)  produced  considerably  more  erosion  of  the  AISX  4340 
steel  than  N2,  A and  CO  emd  CO2/A  mixtures.  At  concentrations 
of  95%  H2  in  N2/H2  mixtures  and  lower,  the  mass  erosion 
experienced  by  the  steel  specimen  is  Independent  of  the  H2 
concentration.  The  erosion  of  AISI  4340  steel  was  shown  to 
be  linearly  proportional  to  the  mole  fraction  of  O2.  in 
mixtures.  Under  some  repetitive  tests,  erosion  decreased 
with  the  number  of  firings;  this  demonstrates  that  the  oxide 
scale  produced  by  the  iron/oxygen  interaction  may  not  be 
totally  removed  by  the  gas  flow  and,  therefore,  oxide  accumu- 
lation, when  it  occurs,  provides  successively  better  thermal 
and  oxidative  protection.  It  is  hypothesized  that  as  long  as 
steel  remains  below  its  solidus  point,  erosion  results  from 
the  removal  of  the  scale  formed  on  the  metal  surface  by 
the  chemical  interaction  of  iron  with  reactive  gases. 

Erosion  tests  performed  on  metals  used  as  alloying 
elements  showed  that  molybdenum  has  the  highest  resistance 
to  erosion.  The  degree  of  erosion  experienced  by  iron  was 
similar  to  that  of  the  three  test  steel  alloys  (i.e.,  AISI 
4340,  AISI  1020,  and  AISI  304).  This  indicates  that  the 
alloying  elements  of  steel  do  not  alter  the  chemical  inter- 
action between  oxygen  and  iron. 

Experimental  investigation  of  ]cnown  erosion-reducing 
additives  (polyurethane  foam,  Ti02/wax,  talc/wax,  paraffin  wax 
and  silicone  lubricant)  at  high  pressure,  vented  chamber 
conditions  showed  that  the  best  additive  is  talc/wax,  followed 
by  paraffin  wax.  Polyuretheuie  foam,  an  effective  gun  barrel 
erosion  reducer,  shows  little  promise  under  the  vented  chamber 
test  conditions.  The  ineffectiveness  of  polyurethane  foam  is 
attributed  to  the  lac]c  of  its  coating  action  on  eroded  surfaces. 
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rOKEWORD 

The  project  euonerized  in  this  report  was  carried  out 
under  Contract  OAAG46-75-C-0088  and  administered  by  the 
Research  Sciences  Division,  Basic  Research  Laboratories, 
of  the  U.s.  Amy  Materials  and  Mechanics  Research  Center, 

Watertown,  Mass.  The  Technical  Monitor  was  Or.  J.  Warren 
Johnson;  his  technical  contributions  materially  aided  this 
pro j ect . 

Dr.  C.  W.  Christoe  of  the  U.S.  Army's  Explosives 
Laboratory  at  Picatinny  Arsenal  participated  in  this  project 
as  a Visiting  Scientist  at  Princeton  University. 

Part  I of  this  study  summarized  the  results  of  the 
studies  under  Contract  DAAG46-72-C-0078.  This  report  is 
cataloged  at  Princeton  University  as  AMS  Report  1303. 
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I.  IWTKOPDCTIOM 

Th«  erosion  of  gun  bnrrsis  is  generally  attributed  to  both 
theraal  ablation  (i.e. , aelting  of  the  bore  surface  and  sub* 
sequent  resoval  of  the  swlt  by  the  aerodynasde  forces  of  the  flo«r)< 
and  cheadcal  ablation  (i.e.,  chesiical  interaction  bet««een  the 
■etal  stirface  and  the  propellant  gases  and  subsequent  partial 
reiROval  of  the  solid  reaction  products  by  the  flow) . The 
controversy  aaong  the  various  investigations  of  barrel  erosion 
centers  on  which  of  the  two  above  stated  nechanlssM  is  the 
primary  cause  of  erosion.  This  difference  in  opinion  centers 
on  whether,  during  the  firing  cycle,  the  surface  tesqperature , 

Tg,  of  the  bore  reaches  its  solidus  teaqperature , T^.  Thus, 

«fe  may  define  two  registts  of  erosion  based  on  the  value  of  the 
surface  teBg>erature  of  the  bore: 

1.  When  Tg  < T|^  the  primary  mechanism  of  erosion  is  chemical 
ablation,  and 

2.  when  Tg  > T^  the  primary  mechanism  of  erosion  is  thermal 
ablation. 

Whether  the  surface  tenqperature  of  the  material,  Tg,  reaches 
its  solidus  temperature  will  depend  on  a large  number  of 
parameters,  such  as  the  thermal  and  chemical  characteristics 
of  the  propellant  combustion  gases  and  of  the  surface  material; 
the  experimental  characteristics  of  the  firing  cycle,  i.e., 
the  effective  test  time  and  the  pressure  and  tesg>erature  history 
of  the  propellant  gases;  and  the  physical  characteristics  of 
the  flow.  Even  in  the  case  where  the  surface  temperature 
reaches  the  solidus  tesqperature  of  the  material  of  the  bore, 
chemical  ablation  is  very  important,  especially  in  the  initial  I 
stages  of  erosion.  ^ 

The  overall  objective  of  this  study  is  to  investigate  in  I 
detail  the  chemical  Interaction  of  the  Individual  gases  that  I 
constitute  the  SMlti*component  propellant  gas  mixture  with  I 

steel  alloys  and  to  relate  this  information  to  the  overall  1 

erosive  action  of  propellant  gases  on  steel  alloys.  I 

In  the  first  part  of  this  study, ^ results  vrere  presented  I 


on  the  MSS  erosion  experienced  by  three  steel  alloys  (AISI 
1020  carbon  steel;  AISI  4340  chrone-moly  steel;  and  AISI  304 
stainless  steel)  imder  the  erosive  action  of  propellant  gases 
and  individual  gases  constituting  the  multi-conponent  pro- 
pellant gases  (CO2*  CO,  H^O) . 

In  the  present  study,  we  undertook  to: 

a.  detensine,  through  thermodynanic  calculations,  the 
affinity  of  the  reactive  gases  present  in  propellant 
gases  (such  as  CO^*  CO,  H2O  and  O2)  have  for 

the  parent  netal  of  steel  alloys,  Fe,  and  for  the 
alloying  Mtals  of  steel,  Ni,  Cr  and  Mn. 

b.  Characterize  the  eroded  surfaces  of  steel  alloys 
subjected  to  the  erosive  action  of  propellant  gases 
and  the  individual  gaseous  components  of  propellant 
combustion  products  with  respect  to  surface  changes. 

c.  Identify  the  products  of  the  gas /metal  interactions 
botli  on  eroded  surface  and  in  the  effluent  gas  stream. 

d.  Study  the  erosion  of  pure  metals  that  constitute  the 
alloying  elements  of  steel  and  compare  the  results  to 
the  erosion  of  steel  alloys. 

e.  (X>taln  an  experimental  coiig>arison  of  the  erosion-reducing 
action  of  candidate  wear -reducing  additives. 

It  is  obvious  that  under  excessive  or  prolonged  heating 
by  combustion  gases,  melting  will  be  the  primary  mode  of 
MSS  removal.  However,  under  most  practical  situations,  this 
is  a condition  which  is  to  be  avoided  by  proper  design.  Thus, 
during  this  study,  emphasis  was  on  situations  which  produced 
high  metal  temperatures  below  the  solidus  temperature. 
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II.  THERMODYNAMICS  OF  THE  CHEMICAL  REACTIONS 
BETWEEN  METALS  AND  GASES 

The  complexity  of  the  chemical  interaction  between  a gas 

and  an  alloy  occurs  because  the  components  of  the  alloy  may 

have  different  affinities  for  the  reactive  gases  (l.e.,  selective 

oxidation,  ' and  the  reactive  species  may  not  diffuse  at  the 

same  rate  through  the  scale  formed  on  the  surface  or  through 

the  alloy  phase.  Also,  a further  complication  may  arise  when 

a reactive  gas  dissolves  in  the  alloys  and  reacts  with  one  of 

the  alloying  components  (usually  the  less  noble  component) 

within  the  alloy.  In  oxidation  studies,  this  phenomenon  is 

2 

called  internal  oxidation.  Another  complexity  that  may  occur 
in  gas  alloy  chemical  interactions  is  when  one  of  the  alloying 
components  forms  a low  melting  point  oxide.  The  presence  of 
liquid  oxide  phase  may  lead  to  excessively  fast  reaction  and 
disintegration  of  the  alloy;  this  phenomenon  is  commonly 
termed,  in  oxidation  studies,  catastrophic  oxidation. 

In  erosion  studies  of  steel  alloys  by  high  pressure  and 
high  temperature  propellant  gases,  a further  difficulty  arises 
because  the  propellant  gas  is  a multi -component  mixture  of 
gases  and  several  of  the  species  may  enter  into  reactions  with 
the  parent  metal  or  the  alloying  metals. 

To  study  the  contribution  of  the  alloying  elements  of 
steel  on  the  overall  chemical  reaction  of  steel  with  propellant 
gases,  we  examined: 

a.  the  relative  affinity  of  the  reactive  gases  present 

in  propellant  gases  such  as  CO^  CO,  H2O  and  for  the  parent 
metal,  Fe,  and  for  the  Alloying  elements  of  steel,  Ni,  Cr  and 
Mn,  and 

b.  the  equilibrium  conditions  of  iron-oxygen,  iron-carbon 
monoxide-carbon  dioxide  and  iron-hydrogen-water  vapor  system. 
Equilibrium  calculations  can  be  utilized  to  obtain  information 
on  the  resulting  products  of  reaction  between  reactive 
propellant  gases  and  steel.  Although  the  reactions  occurring 
during  the  erosion  process  are  not  in  equilibrium,  it  has  been 
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shown  (Ref.  4,  p.  47)  that  at  the  boundaries  between  various 
oxide  layers  that  form  on  the  surface  or  between  the  parent 
metal  and  the  neighborhood  oxide  layer,  equilibrium  may 
exist. 

Reaction  of  Propellant  Gases  with  Alloying  Elements  of  Steel 
For  a reaction  to  proceed  spontaneously  at  constant 
temperature  and  pressure,  the  process  must  be  accompanied 
by  a decrease  In  the  Gibbs  free  energy  of  the  system,  l.e.. 


(AG)^,p  < 0 


(1) 


Equilibrium  corresponds  to  the  condition  of  minimum  energy. 

A quantitative  measure  of  the  stability  of  a product  or 
of  the  relative  affinity  of  a reactant  gas  for  a particular 
compound  Is  the  standard  Gibbs  free  energy  AG”.  In  general, 
the  larger  the  negative  value  of  AG” , the  greater  the 
stability  of  the  compound  and  the  greater  the  likelihood  of 
the  reaction  to  produce  this  compound. 

The  relative  affinity  of  the  reactant  gases  present  In 
propellant  gases  for  the  major  alloying  elements  of  steel  are 
shown  In  Figs.  1-4.  These  figures  are  graphs  of  the  standard 
Gibbs  free  energy  of  the  oxides  of  the  alloying  elements  of 
steel  (Fe,  Cr,  Nl,  and  Mn)  as  a function  of  the  reaction 
temperature.  The  reactant  gases  considered  are  CO2,  H2O, 

CO,  and  0-.  The  thermodynamic  properties  of  the  gas-metal 

^ 5 6 7 8 9 

reactions  have  been  drawn  from  several  references.  • • • • 

The  form  of  the  reactions  represented  In  Fig.  1-4  are: 


M + x/y  CO2 

- 1/y  MyOj^  + x/y  CO 

(2) 

M + x/y  H2O 

1/y  MyOj^  + x/y  H2 

(3) 

M + x/y  CO 

1/y  MyOj^  + x/y  C 

(4) 

M + x/2y  O2 

1/y  MyO^ 

(5) 

where  M represents  the  metal  under  consideration. 
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>2  (Fig.  1)  show 
Th«  most  stable  oxide  li 


The  points  of  discontinuities  in  the  graphs  marked  by 
and  d represent  the  melting  point  and  decomposition  of  the 
oxide.  Oxides  with  positive  values  of  standard  free  energy 
of  fojrmatlon  have  been  omitted. 

The  reaction  of  the  metals  with  CO 
moderate  negative  values  of  AG*. 

Cr202.  The  same  characteristics  are  observed  with  the 
reactions  with  H2O  and  CO  (Figs.  2 and  3)  although  in  the 
latter  case  at  ro<xn  temperature  the  oxides  are  more  stable. 

As  expected  the  oxides  obtained  from  the  reaction  of  the 
metals  with  oxygen  are  the  most  stable  (see  Fig.  4) . However 
in  most  cases,  the  stability  of  the  oxides  decreased  with 
increasing  temperature.  A further  general  observation  is  that 
Cr  and  Mn  produce  oxides  that  are  more  stable  than  the 
parent  metal,  Fe,  whereas  Nl  produces  less  stable  oxide. 
Stating  this  in  other  words,  the  reacting  species  of  the 
propellant  gases  have  greater  affinity  for  Cr  and  Mn 
than  Fe  and  Nl . 

One  must  be  cautioned  that  the  standard  Gibbs  free 
energy  for  thermodynamic  calculations  does  not  provide 
information  about  the  rate  of  the  chemical  reaction.  The 
large  negative  value  of  AG*  indicates  only  that  a large 
driving  force  exists  which  should  make  the  reaction  more 
likely  to  occur.  However,  reaction  kinetics  information  is 
required  to  investigate  the  rate  of  conversion  of  the  particular 
reaction  under  investigation. 

Figure  5 shows  a plot  of  AG*  as  a function  of  temperature 
of  the  reactions  between  iron  and  the  major  gaseous  components 


•I 


(1 


of  propellant  gas  {002>  CO,  H2O  and  M2).  The  plot  indicates 


4 


that  none  of  the  reacting  gases  have  large  affinity  for  iron, 
in  comparison  to  the  oxygen's  affinity  for  iron  (see  Fig.  4). 
When  the  oxide  scale  is  thick  the  diffusion  of  reactants 


are  slow  and  thermodynamic  equilibrium^ exists  at  the 


boundaries  between  the  metal  and  the  lower  oxide  or  between 
two  different  oxides.  Therefore  knowledge  of  the  equilibrium 
conditions  of  the  oxldizer/metal  system  allows  us  to  predict 


f 
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the  possible  phase  composition  of  the  scale  as  a function 
of  temperature  2md  free  stream  oxidizer  composition  and  the 
direction  of  the  oxidation^reduction  processes.  In  the 
next  sections,  we  will  consider  the  equilibrium  of  Fe/02t 
Fe/C02/C0  and  Fe/H20/H2«  The  gases  under  consideration 
represents  the  reactive  gases  present  in  propellant  gases. 

t 

Chemical  Equilibrium  in  Metal  - Gas  Systems 

The  general  theory  of  chemical  equilibrium  presented  in 
numerous  textbooks, has  been  summarized  for  the 
convenience  of  the  reader  in  Appendix  I.  Considering  the 
case  of  a simple  reaction 


Me  + 1/2  ©2  ^ Meo  (6) 

the  equilibrium  constant  (Eq.  1-13)  is  given  by  the 
expression 

aCMgo,  . ..xp-[r] 

a(Me)  ta(02)]^' 


At  moderate  pressures  the  activities  of  pure  substances  are 
equal  to  one,  i.e., 

a(MeO)  * a (Me)  ■■1 


Assuming  that  the  gas  is  ideal,  i.e.,  a(0,)  « p.  Eq.  (6) 
becomes 


When  the  partial  pressure  of  oxygen  in  the  gaseous  phase < 


(P, 


Q ) , is  less  than  the  equilibrium  pressure  p^ 


tenS  to  reduce  to  Me.  Conversely  when  p 


p.  then  Me  will  tend  to  oxidize  to 
02 


02 
MeO. 


, MeO  will 
is  greater  than 


I 

I 

J 

A 

S 

t 
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The  Iron  - Oxya*n  Sy«t«« 

The  reaction  of  iron  with  oxygen  may  result  in  the 
formation  of  three  oxides:  («rustite) , ^*3^4  (Mgnetite) 

and  ^*2^3  wustite  of  stoichiometric 

composition  FeO  is  unstable.  However r for  the  sake  of 
sin^licity  we  will  adopt  the  stoichiometric  form  of  wustite 
for  subsequent  equilibrium  calculations. 

Figure  6a  shows  a plot  of  the  dissociation  pressures  of  ■ 

the  iron  oxides  as  a function  of  the  reaction  tea^rature.  The  \ 
reactions  representing  the  solid  lines  in  Fig.  6a  are: 


2 FeO 


1/2  FejO^ 
2 Fe30^ 

6 FejOj 


2Fe  + Oj 
3/2  Fe  + Oj 
6 FeO  'f  O2 
4 FejO^  + Oj 


(9) 

(10) 
(11) 
(12) 


The  equilibrium  constant  associated  with  each  of  the 
above  reactions  is  related  to  the  equilibrium  pressure  of 
oxygen  by  the  relation 


K_  ■ prt  ■ exp(-AG*/RT)  (13) 

P ^^2 

Two  or  more  coiiv>ounds  exist  together,  in  equilibrium  at 
temperatures  and  pressures  that  are  defined  by  the  lines  in 
Fig.. 6a.  To  elucidate  this  point/  let  us  consider  the  upper 
line  of  Fig.  6a  separating  the  iron  oxides  Fe203  and  Fe^O^. 
Hematite  (Fe203)  and  Magnetite  (Fe^O^)  co-exist  in  equilibrium 
at  ten^ratures  and  partial  pressures  of  oxygen  that  lie  on 
the  boundary  line  separating  the  two  regions.  If  for  exanqplet 
for  a given  tenq>erat:u:e  the  partial  pressure  of  oxygen  p^^ 
is  less  than  the  equilibrium  partial  pressure  (Pq.)^ 
corresponding  to  that  tenq>erature / then  ^02^3  decompose 

to  ©2  and  FejO^.  Conversely  if  Pq^  is  greater  than  (Po2^«» 
then  ^^30^  will  be  further  oxidised  to  Fe203. 
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A schematic  representation  of  the  above  argument  for 
the  general  reaction 

Me  + 1/2  O^:^— ^ MeO 

Is  shown  In  Fig.  €b. 

The  equilibriums 


2/3  Fe20^ 

4/3  Fe  + ©2 

(14) 

and 

2 Fe203  =;;=±= 

4 FeO  + ©2 

(15) 

do  not  exist  and,  therefore,  are  not  in  Fig.  6a. 

The  basic  assumption  for  the  development  of  Fig.  6a  and 
similar  figures  Is  that  when  gas  and  a metal  compound  react 
together,  their  ultimate  products  will  be  the  ones  that 
require  the  lowest  equilibrium  partial  pressure  of  the  gas. 

To  understand  fully  Fig.  6a,  all  the  reactions  of  the  Iron- 
oxygen  system  (Eqs.  9-12,  14  and  15)  have  been  Included  In 
Fig.  6c.  For  example,  the  equilibrium  state  of  Eq.  (14)  does 
not  exist  because  at  temperatures  of  500  K and  above,  the 
equilibrium  partial  pressure  of  oxygen,  (PQ^^e  reaction 

(14^  is  higher  than  the  equilibrium  partial  pressure  of 
oxygen  for  the  reaction  (9);  thus  wustlte,  will  be 

produced  instead  of  hematite,  Fe20^.  On  the  other  hand,  at 
temperatures  below  500  K the  equilibrium  partial  pressure  of 
oxygen  of  the  reaction  (14)  Is  higher  than  the  corresponding 
value  of  the  reaction  (10);  thus  when  Iron  and  oxygen  reacts, 
at  this  temperature  range,  Fe^O^  will  be  produced. 

Figure  6a  shows  that  ^020^  cannot  be  in  equilibrium  with 
either  or  Fe.  Furthermore,  at  high  reaction  temperatures 

(above  500  K)  and  high  oxygen  partial  pressures,  all  three 
oxides  of  iron  are  formed.  The  outer  layer  Is  Fe20^,  the 
middle  layer  is  Fe^O^  and  the  layer  in  contact  with  Iron  is 
Fe^O.  However,  based  on  these  Idealized  calculations,  wustlte 
Is  not  formed  when  the  temperature  is  below  500  K. 
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Th«  Iron-Carbon  Dloxida-Carbon  Monoxid*  Syt— 

Pigur*  7 shows  ths  squilibrium  partial  prassura  ratio 
of  CO  to  CO2  as  a function  of  taaq;>aratura.  Tha  raactions 
considarad  arat 


Pa  + COj 
3/4Pa  + CO^; 
3PaO  + COji 
2Pa304  + COj: 


PaO  * CO 
l/4Pa304  + CO 
s=  ^*304  + CO 
= 3Pa203  + CO 


Tha  aquilibriun  constant  associatad  with  aach  of  tha  abova 
raactions  is  ralatad  to 


r . **^0 

P Pco. 


axp[)-AG*/R^ 


The  aquilibriujas 


2/3  Pa  **>  CO2’ 


1/3  P«203 


2PaO  + CO, 


Pa202  + CO 


do  not  axist.  Tha  raqion  of  ^*2^3'  d*finad  by  Eq.  (17)  is  not 
shown  bacausa  it  lias  balow  Pcq/P^2  * ^*^3.  P*2^3  ^ 

fomad  only  whan  tha  gasaous  phasa  is  vary  rich  in  CO,,  i.a., 

.5  ^ 

Pco^Pco  ^ 10  • ^ typical  valua  of  Pco/Pco2  propallant 

gasas  ii  0.4.  Thus  from  Pig.  7 it  can  ba  daducad  that 

naglacting  tha  af facts  of  othar  raactiva  gasas,  tha  oxida 

scala  producad  will  ba  largaly  Pa„0.  Tha  usafulnass  of  tha 

* 14 

infonwtion  obtainad  frosi  Pig.  7 is  danonstratad  in  Tabla  1 
which  prasants  an  axparimantal  idantification  of  tha  ralativa 
amounts  of  PaO  and  ^*304  prasant  in  arodad  staal  surfaca  undar 
tha  arosiva  action  of  CO/CO^  mixturas.  As  pradictad  from 
Pig.  7,  in  tha  casa  of  Pco/Pc02  “ ■cala 

producad  will  ba  mainly  PaO. 


r 
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The  Iron-Hydroqen-Water  Vapor  System 

The  equilibrium  diagram  of  thla  system  is  shown  in 
Pig.  8.  This  is  a plot  of  the  equilibrium  pressure  ratio 
Ph  /P{|  o versus  the  reaction  temperature.  The  reactions 
considered  are 


Fe  + HjO  ;^FeO  + (23) 

3FeO  + ^®3°4  * 

2Fe30^  + HjO  ^ ^FejOj  + H2  (25) 

The  equilibriums 

2/3  Fe  + HjO  ^ 1/3  Fe203  + H2  (26) 

3/4  Fe  + H2O  ^ 1/4  FSjO^  + H2  (27) 

2PeO  + H2O  y—  ^ ^®2°3  “2 


do  not  exist.  As  in  the  case  of  the  Fe-C02'‘C0  system,  the 
region  of  F*2^3  shown  because  it  exists  when  the  gaseous 

phase  is  very  rich  in  H>0,  i.e.,  p„  /Pu  ^ greater  than 
lO'*  . The  hydrogen  to  water  vapor  partial,  pressure  ratio  in 
typical  propellants  is  about  0.5.  Thus,  generally  the  scale 
will  be  predominantly  wustlte. 

Products  of  the  Chemical  Interaction  of  Propellant  Gases  and 
Steel  in  Barrel  Erosion 

The  large  array  of  the  chemical  products  produced 
during  the  erosion  of  gun  barrels  that  have  laeen  identified 
and  the  respective  position  where  they  have  been  found  is  shown 
in  Table  2.^^0f  these  products  the  most  inq>ortant  are  the  iron 
oxides,  nitrides,  and  carbides.  Thermodynamic  calculations 
of  the  standard  GLbbs  free  energy  showed  that  the  order  of 
likelihood  of  these  products  forming  is:  oxides  first,  nitrides 
second,  carbides  third  and  carbonyls  last.  The  Gibbs  free 
energy  of  the  carbonyl  and  carbide  reactions  were  positive  with 
the  exception  of  the  carbides  formed  by  the  reaction  with 
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solld  carbon. 

The  Interest  in  the  carbonyl  formation  and  in  particular 
to  the  iron  pentacarbonyl  [FeCCO)^]  resulted  from  the  hypothesis 
set  forth  by  Evans  and  co-«rorkers  that  the  erosion  of  steel 

by  CO/CO2  mixtures  is  due  to  the  reaction:  | 

] 

Pe  + SCO  Fe(CO)g  . ' 

This  reaction  is  catalysed  by  S02»  H2S,  NH^  snd  H2.  Trace 
concentration  of  the  above  compounds  have  been  found  to 
Increase  considerably  the  erosion  of  Steel  orifices. 

However,  tests  to  isolate  and  Identify  experimentally 
iron  carbonyl as  the  erosion  products  of  the  CO/CO2  9a8 
mixture  interaction  with  steel  did  not  reveal  the  existence 
of  iron  carbonyl.  This  may  have  been  due  to  the  possible 
rapid  decomposition  of  the  iron  carbonyl  after  its  formation 
that  makes  it  difficult  to  detect.  At  500  X iron  carbonyl 
is  a stable  product  with  a free  energy  of  formation  of 
-88  kcal/mole.  Its  free  energy  of  formation,  however, 
decreases  with  increasing  temperature. 
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III.  EROSIVE  EFFECTS  OF  HIGH  PRESSURE 
COMBUSTION  GASES  ON  STEEL  ALLOYS 

The  first  report  of  this  study^  presented  results  of  the 
correlation  of  the  mass  removal  of  steel  alloys  resulting 
from  the  erosive  action  of  high  pressure  and  high  temperature 
propellant  gases  with  such  parameters  as: 

a.  type  of  steel  alloy, 

b.  type  of  propellant, 

c.  geometry  of  the  orifice,  and 

d.  number  of  successive  exposures. 

These  correlations  provided  substantial  data  base  on  the  erosion 
of  steel  alloys.  However,  very  little  was  learned  2d>out  the 
chemical  aspects  of  erosion.  In  the  present  study,  we  under- 
took to  obtain  further  insights  into  the  erosion  process  by 
examining  the  effect  of  erosion  on  the  steel  surfaces. 
Accordingly,  we  sought  to: 

a.  Characterize  the  eroded  surfaces  with  respect  to 
surface  changes , and 

b.  Identify  the  products  of  the  gas /metal  interaction 
both  on  the  eroded  surface  and  in  the  effluent  gas 
stream. 

Apparatus  and  Materials 

Experlrents  of  the  erosion  of  steel  alloys  by  combustion 

generated  gases  were  carried  out  in  the  vented-combustor 

apparatus  shown  schematically  in  Fig.  9 and  described  in  detail 

elsewhere. In  order  that  the  interior  surfaces  of  the 

test  orifice  be  accessible  to  optical  microscopy  and  SEM 

examination,  matched  split  disks  containing  a milled  rectangular 

slot  in  one  semicircle  (see  Fig.  10)  were  assembled  and  clamped 

to  the  test  part  of  the  combustor.  The  combustor  was  then 

charged  with  propellant  (0.6  to  1.2  gm)  which  was  then  ignited 

by  means  of  a primer.  In  the  present  experiments,  unlike  the 

1 18  19 

earlier  investigations,  ' ' no  vent  orifice  was  used  so  that 

to  increase  the  effective  test  time.  Fig.  11  shows  a ccxnparison 
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of  the  pressure  history  of  the  combustor  using  a 0.15  cm  vent 
orifice  (Fig.  11a)  and  using  no  vent  orifice  (Fig.  lib) . The 
effective  test  time  Increases  by  a factor  of  2.5  when  the 
combustor  does  not  have  a vent  orifice. 


Most  of  the  erosion  tests  were  performed  on  AISI  4340 
chromium-molybdenum  steel.  However,  for  conqparatlve  purposes 
a number  of  tests  were  performed  on  AISI  304  stainless  steel 
and  AISI  1020  carbon  steel.  Typical  nominal  compositions  and 
room  temperature  properties  of  the  above  steels  are  shown  in 


Tables  3 and  4* 

The  propellants  used  in  this  study  were  IMR-4198  and  Ml 
single-base  propellants.  The  Ml  (T^  ■ 2528  K)  propellant  is  a 
cooler  propellant  than  the  IMR-4198  (T^  ■ 3000  X)  propellant. 
The  chemical  composition  and  propellant  gas  properties  of  the 
two  propellants  are  shown  in  Table  5. 

After  each  experiment,  the  test  dislc  halves  were  cleansed 
of  combustion  products  with  acetone  and  trichloroethylene, 
weighed  and  the  eroded  surface  examined.  No  qualitative 
differences  were  observed  when  comparing  the  milled  surface 
with  the  opposed  unmllled  region  of  the  matching  half-disk. 

For  simplicity,  therefore,  all  results,  except  mass  lose,  given 
in  subsequent  sections  refer  to  the  unmilled  side  of  the 
orifice.  The  mass  losses  quoted  are  the  sum  of  that  measured 
on  both  matched  halves. 

Results  and  Discussion 

1.  Mass  Removal 

The  simplest  quantitative  measure  of  the  erosion  of  a 
test  specimen  subjected  to  the  action  of  high  pressure  and  high 
temperature  propellant  gases  is  the  mass  difference  before 


and  after  exposure  to  hostile  gases.*  Figure  12  shows  a plot  of 
the  mass  erosion  experienced  by  the  rectangular  orifices  as  a 
function  of  the  peak  pressure  of  the  combustor.  These  tests 
were  performed  without  a vent  orifice  in  the  combustor  (i.e., 
the  width  of  the  pressure  trace  at  Pfnf^/2  is  of  the  order  of 
3.6  msec).  The  plot  is  linear  after  a pressure  threshold 


should  be  noted  that  the  thicknesses  removed  from  the  surf a 
during  our  laboratory  experiments  are  on  the  same  order  as  thos 
experienced  during  gun  firings. 


-14- 


2 

corresponding  to  about  90  MN/m  . The  relation  between  mass 
erosion  and  peak  pressure  obtained  without  a vent  orifice 
differs  greatly  from  the  corresponding  relation  using  a vent 
orifice  (i.e.,  width  of  the  pressure  trace  at  Pjijj^/2  is  of 
the  order  of  1.3  msec).  In  the  shorter  effective  test  time 
experiments,  the  mass  erosion  rate  accelerated  rapidly  as  peak 
pressure  increases,  whereas  in  the  longer  test  time  experiments 
the  mass  erosion  is  linearly  dependent  to  the  combustor 
peak  pressures.  The  difference  in  the  characteristic  shape 
of  the  mass  erosion  curves  may  indicate  a shift  in  the  mechanism 
of  erosion,  z.3  the  heating  time  of  the  specimen  is  increased, 
i.e.,  chemical  ablation  at  short  test  times  to  thermal  ablation 
at  the  longer  test  times.  At  the  present  time,  we  are  not 
prepared  to  resolve  this  point.  Plans,  however,  have  been 
formulated  to  elucidate  this  change  in  the  character  of  the 
erosion  curve,  by  performing  heat  transfer  calculations  to 
estimate  the  surface  temperature  of  the  test  specimen  as  a 
function  of  the  experimental  pareuneters. 

2.  Geometric  Effects 

A detailed  ex2unination  of  the  geometric  changes  of  the 
test  specimen  resulted  from  the  erosive  action  of  propellant 
gases  as  a function  of  the  space  coordinates  was  performed 
using  prof Home try . * A typical  topograph  of  one  symmetric  half 
of  eroded  planar  surface  of  AISI  4340  steel  is  shown  in  Fig.  13. 
In  the  middle  of  the  orifice,  the  depth  of  regression  is  seen 


* 

The  proflloroetric  studies  as  well  as  the  Scanning  Electron 
Microscope  studies  have  been  performed  at  the  RCA  David  Sarnoff 
Research  Center,  Princeton,  New  Jersey. 
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to  decrease  monatomlcally  from  the  upstream  section  (where 
the  surface  heat  transfer  is  the  greatest)  to  near  the 
downstream  end  (where  the  surface  heat  transfer  is  the 
lowest) . The  edges  of  the  downstream  section  channel  are 
higher  than  the  original  untested  planar  surface  which 
indicates  that  metal  removed  by  the  erosion  process  in  the 
upstream  section  accumulated  on  the  lip  of  the  downstream 
section.  A comparison  of  the  erosion  experienced  by  the 
steel  specimen  at  three  positions  along  the  length  of  the 
specimen  is  shown  in  Fig.  14.  This  figure  shows  clearly  that 
the  greatest  mass  removal  occurs  at  the  upstream  section. 

3.  Characterization  of  the  Eroded  Surface  by  Means  of  SEM 
Figure  15  is  a photograph  of  a Scanning  Electron 
Microscope  (SEM)  image  and  shows  a typical  test  surface  prior 
to  exposure  to  high  pressure  and  high  temperature  propellant 
gases.  The  horizontal  bands  shown  in  Fig.  15  are  machine 
marks  and  serve  as  convenient  reference  lines.  Figure  16  shows 
a series  of  three  eroded  surfaces  that  have  been  exposed  to 
IMR-4198  propellant  gases.  These  SEM  photomicrographs  are 
situated  from  high  to  low  to  correspond  to  increasing 
combustor  peak  pressure.  Examination  of  Fig.  16  reveals  two 
important  observations t 

a.  the  presence  of  a scale  on  the  eroded  surface  which  is 
less  ediundant  as  the  peak  pressure  increases,  and 

b.  the  presence  of  cracks  on  the  underlying  metal  surface 
Itself  which  appears  to  increase  in  width,  and  probably 
depth,  as  the  peak  pressure  increases. 

The  relative  decrease  of  area  occupied  by  the  scale  at 
higher  pressures  suggests  that  this  scale  lacks  sufficient 
cohesive  strength  to  resist  the  higher  shearing  forces 
corresponding  to  the  Increased  combustor  pressure.  Where  the 
scale  does  form  it  has  a brittle,  flaky  appearance. 

Electron  Microprobe  Analysis  (EMP)  of  these  eroded  surfaces 
indicated  the  presence  of  markedly  more  carbon  in  coa^arison 
with  an  unexposed  specimen.  The  oxygen  levels  were  shown  to  be 
coi^arable.  It  should  be  kept  in  mind  that  EMP  quantitative 
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capabilities  are  limited  with  respect  to  light  elements.  The 
EMP  also  detected  trace  amounts  of  sulphur  which  were  not 
present  in  the  unexposed  specimen.  However,  the  Electron 
Microprobe  Analysis  is  incapable  of  distinguishing  whether  these 
erosion  products  are  bound  into  chemical  compounds  of  iron  or 
whether  they  have  been  merely  deposited  onto  the  surface  with 
sufficient  cohesive  strength  to  resist  the  cleansing  operations 
that  were  performed  prior  to  examination.  Moreover  the  EMP's 
insensitivity  to  oxygen  does  not  rule  out  the  presence  of  one 
or  more  of  the  iron-oxide  scales. 

The  increase  of  the  width  of  surface  cracks  with  pressure 
observed  in  Fig.  16  is  also  shown  in  Fig.  17  which  is  a plot 
of  width  of  the  surface  cracks  measured  from  the  SEM  photo- 
micrographs versus  combustor  peak  pressure.  Since  the  width 
of  cracks  varies  over  the  surface  a representative  range  of 
widths  observed  for  each  combustor  peak  pressure  was  plotted. 
Figure  17  shows  a test  performed  using,  instead  of  IMR-4198 
propellant,  a lower  isochoric  flame  temperature  propellant,  an 
Ml  propellant.  As  shown  in  Fig.  17  and  also  in  Fig.  18,  which 
is  a photomicrograph  of  the  eroded  surface,  the  width  of  the 
surface  cracks  resulting  from  the  erosive  action  of  Ml  propellant 
gases  was  markedly  reduced.  This  reduction  may  be  attributed 
largely  to  the  cooler  Isochoric  flame  temperature  (2500  vs 
3000  K)  of  the  Ml  propellant  which  results  in  a correspondingly 
lower  metal  surface  temperature. 

A con^rison  of  the  crack  formation  on  the  eroded  surface 
of  the  three  test  alloys,  namely  AISI  1020  carbon  steel,  AISI 
4340  chromium-molybdenum  steel  and  AISI  304  stainless  steel 
is  shown  in  Fig.  19.  The  cracks  are  shown  to  be  wider  in  the 
case  of  the  stainless  steel  than  of  the  AISI  4340.  The  smallest 
width  was  in  the  case  of  the  carbon  steel  AISI  1020.  Examination 
of  the  room  tea^eratures  thermal  properties  of  these  alloys 
shows  that  AISI  1020  has  the  highest  thermal  conductivity, 
whereas  AISI  304  has  the  lowest  thermal  conductivity.  Thus 
crack  dimensions  are  seen  to  be  inversely  dependent  upon  the 
thermal  conductivity  of  the  steel.  This  again  points  to  the 
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effect  of  surface  temperatxire  on  crack  formation  because 
the  lower  the  thermal  conductivity  of  a material  the  higher 
its  surface  ten^rature  assuming  the  same  environmental 
conditions . 

All  indications  thus  far  are  that  the  mechanism 
of  crack  formation  is  thermal  in  nature  and  that  cracks  are 
prob2d}ly  formed  due  to  strains  produced  by  volxime  changes  re- 
sulting from  the  rapid  heating  and  cooling  processes  that  are 
relieved  by  surface  cracking.  However  there  is  a possible 
alternative  mechanism  of  crack  formation  %diich  is  knovm  to  be 
pressure-dependent  namely  hydrogen  embrittlement. 

Hydrogen  embrittlement  is  a general  term  used  to  describe  a 
variety  of  phenomena  in  which  the  shear  or  tensile  strength 
of  hard  metals  has  been  reduc^  due  to  the  presence  of  hydrogen 
in  its  environment  or  con^sition.  Hydrogen  embrittlement  ^ 
can  cause  microscopic  surface  and  internal  cracking  following 
the  absorption  of  a very  small  average  concentration  of  hydrogen. 
This  is  because  the  hydrogen  tends  to  concentrate  at  grain 
boundaries  and  to  interfere  with  intergranular  attractive  forces. 
Accordingly,  hydrogen  embrittlement  is  most  apparent  in 
materials  under  stress.  The  usual  tests  for  embrittlement  in- 
volve measuring  the  -failure  limit  of  a stressed  specimen  as 
a function  of  parameters  such  as  external  hydrogen  pressure 
or  temperature  of  the  strain  rate.  Experiments  indicate  that 
up  to  pressures  of  about  70  MN/m  (Ref.  20,  p.  139,  171)  the 
yield  strength  decreases  roughly  as  the  square  root  of  hydrogen 
pressure  and  that  the  temperature  dependence  of  hydrogen 
embrittlement  peaks  at  about  room  temperature  (Ref.  20, 
p.  146,  172;  Ref.  21,  p.  256). 

Notch  tests  carried  out  on  nickel  at  room  temperature  and 

2 

a hydrogen  pressure  of  70  MN/m  show  a reduction  of  notch 

2 2 

strength  from  a nominal  value  of  900  MN/m  to  about  200  MN/m  , 
or  a reduction  of  about  80%.  The  way  in  which  such  mechanical 
properties  as  loss  of  ductility  relate  to  metal  erosion  in 
general,  and  to  crack  formation  in  particular,  is  not  obvious. 

To  attempt  to  identify  the  mechanism  of  crack  formations. 


-18- 


1 

whether  thermal  or  chemical,  a series  of  tests  were  performed 

using  the  Princeton  University  ballistic  compressor.^  A ' 

detailed  description  of  this  apparatus  is  given  in  a 

subsequent  section  of  this  report.  . | 

4.  Studies  of  the  Mechanism  of  Crack  Formation  Utilizing 
the  Ballistic  Compressor 

The  objective  of  the  tests  performed  utilizing  the 

ballistic  compressor  was  to  compare  the  surface  characteristics 

of  eroded  specimens  resulting  from  thC:  action  of  hydrogen 

versus  that  of  an  inert  gas  such  as  ai.gon. 

Table  6 shows  a summary  of  the  test  conditions  and  test 

specimen  mass  losses  achieved  in  these  tests. 

Figures  20  and  21  show  a comparison  of  SEM  photomicrographs 

of  eroded  surfaces  produced  by  the  action  of  H2/CO2  and  A. 

Neither  the  tests  performed  with  H2  nor  with  A produced 

surface  cracks.  However  in  the  argon  tests  and  in  high  pressure 

2 

H2  tests  (620  MN/m  ) there  is  evidence  that  melting  of  the 
surface  during  the  test  occurred. 

The  Role  of  Cracks  on  the  Erosion  Mechanisms  of  Steel  Alloys 
A general  observation  of  the  SEM  photomicrographs  of 
eroded  surfaces  is  that  the  cracks  follow  grain  boundaries. 

The  removal  of  such  loosened  grains  by  the  subsequent  firings 
might  be  an  important  process  on  the  overall  erosion  of  steel 
alloys  subjected  to  repeated  exposures  of  hot,  high  pressure 
propellant  gases.  Indeed  the  surface  regression  of  the  metal 
surface  per  firing  20um)  allows  the  possibility  that  whole 
grains  (which  appear  to  be  of  the  order  of  Sym  in  diameter) 
might  be  removed  in  their  entirety  during  a single  firing. 

Figure  22  shows  the  surface  of  a sample  exposed  five 
times  to  IMR-4198  propellant  gas  at  a chamber  pressure  of 
290  MN/m  . The  nature,  abundance,  and  dimensions  of  the  cracks 
fit  the  trends  established  above  for  single  firings  so  well 
that  it  can  be  concluded  that  with  regard  to  crack  formation, 
each  firing  acts  independently.  This  is  in  agreement  with 
results  presented  in  Ref.  1 that  show  that  mass  erosion  rate 


of  steel  specimens  is  Independent  of  the  number  of  firings. 

The  results  presented  on  the  examination  of  an  eroded 
surface  suggest  that  while  crack  formation  growth  can  be 
correlated  with  the  mass  loss  of  the  specimen » the  relationship 
Is  more  coincidental  than  causal  and  that  crack  formation  Is 
not  a major  factor  in  the  erosion  of  steel  alloys  exposed  to 
the  environmental  conditions  achieved  In  the  present  study. 


SEM  Investigation  of  Collected  Residues  of  Erosion 


SEM  examination  of  the  solid  erosion  products  removed 
from  the  test  surface  by  the  flowing  hot  gases  were  made  by  i 
allowing  the  test  gas  exiting  from  the  test  orifice  to  In^lnge  1 
on  a cool  (room  temperature)  surface  located  6 > 10  cm 
downstream  from  the  test  orifice.  A small  quantity  of  the  i 

erosion  products  along  with  some  propellcmt  products  accvimulate 
on  the  cool  surface  which  Is  then  subjected  to  microscopic 
examination^  The  collector  surface  was  either  made  of  copper 
or  steel  and  was  In  the  form  of  a disk  with  Its  surface 
perpendicular  to  the  direction  of  the  flow.  In  addition  to 
this  type  of  stationary  collector,  a rotating  collector 
was  employed  that  provides  for  a movement  of  the  substrate 
(surface  of  the  collector)  at  right  angles  to  the  flow.  The 
flow  was  collimated  by  a masking  silt  as  shown  In  Fig.  23. 

This  collector  provides  time-resolved  samples  of  the  deposited 
erosion  products.  Fig.  24  shows  depositions  on  stationary 
copper  substrates  resulting  from  the  exposure  to  It<R-4198 
propellant  gases  of  AISI  1020,  304  and  4340  steels  respectively 
These  deposits  were  a flat  black  color  when  observed  optically 
and  electron  microprobe  analysis  Indicated  the  presence  of 
relatively  large  amounts  of  lead  and  potassium  although 
minor  quantities  of  Iron  were  detected. 

Accordingly,  one  Is  lead  to  the  conclusion  that  the  bulk 
of  the  materials  deposited  were  propellant  products,  as  might 
be  expected.  A fine  crystalline  after-growth,  dlscernable  at 
higher  magnification,  of  the  deposits  associated  with  the  latt 
two  steels  (Fig.  25)  has  not  yet  been  Identified.  The  flowery 


crystallites  of  Fig.  25b,  however,  have  the  same  general 
appearance  as  larger  crystals  which  were  observed  a few 
days  later  on  the  same  sample.  These  larger  crystal 
colonies  appeared  light  blue  and  translucent  under  an 
optical  microscope  and  are  assumed  to  be  due  to  hydration  of 
copper  salts  formed  at  the  time  of  the  exposure . 

Figure  25c  shows  a somewhat  different  crystal  growth 
pattern  when  lMR-4198  propellant  gases  following  erosion  of 
AISI  4340  steel  were  allowed  to  pass  over  a stationary  steel 
substrate. 

The  results  of  deposition  into  the  moving  bemds  of  Iron 
and  copper  are  ambiguous  in  that  although  the  eunount  of  deposited 
material  (as  well  as  the  abundance  of  Impact  craters)  was 
resolved  as  a function  of  time,  no  qualitative  differences  could 
be  observed  throughout  the  deposition  period.  Moreover,  no 
distinction  between  deposits  on  the  copper  band  versus  the 
steel  band  dould  be  made,  and  no  occurrence  of  the  fine 
crystalline  structures  discussed  above  were  noted  anywhere. 

Spectral  Investigation  of  Exhaust  Plume 

A search  for  spectral  evidence  of  gaseous  iron  compounds 

2 2 

was  carried  out  using  a Spex  "Mini-mate"  spectrometer,  modified 
to  accept  a Polaroid  camera.  Polaroid  Type  57  film  was  used 
which  has  an  ASA  speed  of  3000.  Taking  Into  account  the  film 
speed,  geometric  limitations  and  average  mass-loss  per  firing, 
the  apparatus  should  have  been  sensitive  to  spectral  emission 

p 

from  trace  eunounts  (e.g.,  one  molecule  In  10  ) of  Fe  atoms  or 
Fe  compound  molecules.  No  emission  spectra  were  obtained  when 
the  plume  was  observed  at  90"  to  Its  axis.  A panoramic  still 
photograph  of  the  experiment  revealed  very  weak  and  diffuse 
Illumination  in  the  plume  which  could  have  arisen  from 
scattering  of  the  propellant  flame  light  originating  Inside 
the  combustor. 

Since  the  propellant  flame  Inside  the  combustor  gives 
rise  to  Intense  broad-band  spectra  in  the  600ym  region  the 
possibility  existed  that  radiation  might  be  selectively 
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absorbed  by  unsxcitsd  molecules  of  reaction  products  to  produce 
absorption  spectra  in  a "down-the-tube"  axial  configuration. 

A series  of  experiments  using  stainless  steel  discs  (for 
maximum  erosion)  and  a variety  of  pressures  failed  to  produce 
any  identifiable  lines. 

It  is  believed  either  insufficient  chemical  energy  is 
released  in  the  formation  of  iron  coaq^unds  to  excite  optical 
transitions  or  that  the  iron  compounds  produced,  such  as 
^*2^3'  crystals  on  the  surface  which  then  break  up  as  solid 

particles  and  that  molecular,  uncondensed  Fe20j,  or  other  iron 
complexes,  never  exist  to  be  spectrally  active. 


IV.  EROSIVE  EFFECTS  OF  STEEL  ALLOYS 


BY  PURE  GASES 
1 18  19 

Exposure  of  steel  and  alxuninum  ' alloys  to  a stream  of 
high  pressure  and  high  temperature  combustion  gases  In  many 
cases  produce  regression  rates  of  the  metal  surface  that  are 
much  higher  than  the  rates  calculated  from  the  theory  of  inert 
ablation  (melt-and-wipe-off ) . The  augmentation  of  the  regression 
rate  of  these  alloys  is  attributed  to  the  chemical  interaction 
between  the  metal  and  the  combustion  gases.  In  the  case  of 
aluminum  alloys,  for  example,  the  very  high  mass  loss  rates 
experienced  by  the  test  specimen  were  attributed  to  the  com- 
bustion of  aluminum  vapor  In  the  boundary  layer  of  the  flow 
that  results  In  an  Increase  In  the  surface  heat  feedback  which 
in  turn  Increases  the  rate  of  mass  removal. 

The  interpretation,  however,  of  the  gas-metal  interactions 
in  the  propellant-gas  experiments  is  always  obscured  to  a large 
degree  by  the  simultaneous  presence  of  a great  number  of  gaseous 
species  formed  by  the  combustion  of  the  propellant.  The  problems 
associated  with  large  numbers  of  gaseous  species  (i.e.,  using 
combustion  gases)  were  overcome  be  developing  and  using  a 
ballistic  compressor.^  The  ballistic  compressor  is  a device 
that  generates  hot,  high  pressure  pure  gas  or  prescribed  gas 
mixture  which  can  be  brought  into  contact  with  a metal  specimen 
for  the  study  of  the  reaction  processes. 

Part  I of  this  study^  presented  results  of  the  mass  loss 
experienced  by  three  steel  alloys  (AISI  4340  chromium-molybdenum 
steel,  AISI  1020  carbon  steel,  and  AISI  304  stainless  steel) 
exposed  to  high  pressure  and  high  temperature  pure  gases. 

The  purpose  of  the  present  investigation  was  to  provide 
further  information  on  the  erosion  of  steel  alloys  by  pure 
gases.  We  have  sought  to: 

a.  study  the  effects  of  orifice  configuration  on  the 
erosion  of  steel  alloys  by  pure  gases, 

b.  characterize  the  eroded  surface  resulting  from  the 
Interaction  of  each  test  gas  with  the  steel  specimen. 
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c.  identify  the  products  of  the  test  gas/steel  interaction  j 
on  the  surface^  and 

d;  study  in  greater  detail  the  mechanisn  of  erosion  of 
steel  alloys  by  a hydrogen  and  which 

produces  unusually  high  mass  removal  rates. 

Apparatus  and  Materials 

\ detailed  description  of  the  ballistic  con^ressor 
apparatus  is  given  in  Ref.  1.  In  brief,  the  ballistic  con^ressor 
apparatus,  shown  schematically  in  Fig.  26,  utilizes  a reservoir 
of  driver  gas  (e.g.,  2.5  MN/m  , 300  K)  to  drive  a piston  to 
compress  adiabatically  the  desired  test  gas.  In  this  way  the 
apparatus  produces  a quantity  of  hot,  high  pressure  gas 
(e.g.,  400  MN/m^,  3000  K)  that  flows  through  the  test  orifice.  I 

The  pressure  history  of  the  test  gas  was  monitored  by  a high 
frequency  Kistler  607  piezoelectric  pressure  transducer.  A 
typical  pressure  trace  is  shown  in  Fig.  27.  In  conq>ari6on  with 
the  test  time  produced  by  the  vented  combustor  apparatus 
(1.5  to  4 msec)  the  ballistic  compressor  has  an  effective  test 
time  which  is  less  than  1 msec. 

As  in  the  case  of  the  vented  combustor  tests  most  of  the 
ballistic  compressor  tests  were  performed  on  AISI  4340  chromium- 
molybdenum  steel.  Both  circular  and  rectangular  orifice  ge- 
ometries were  tested.  The  dimensions  of  the  orifices  are  shown 
in  Fig.  10.  The  flat  test  surfaces,  provided  by  the  rectangular 
configuration  orifices  were  utilized  for  SEM  and  microprobe 
studies.  The  method  of  preparation  of  the  test  specimen  is 
described  on  page  13  of  this  report. 

Test  gases  used  in  this  study  to  obtain  a qualitative  and 
quantitative  measure  of  their  erosive  effect  on  steel  alloys 
were:  Nj,  Hj,  CO,  COj,  A and  Oj/Nj,  Hj/Oj/Nj,  COj/A  and  Hj/Oj 
mixtures. 

Metal  test  specimen  mass  loss  and  regression  depths 
(measured  by  a profilometer)  are  the  primary  quantitative  data 
used  to  indicate  the  severity  of  the  gas-metal  interaction 


j 
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during  test  exposure. 

Performance  of  the  Ballistic  Compressor 

The  versatility  and  wide  range  of  the  ballistic  compressor 
as  a generator  of  high  pressure  and  high  temperature  gases  is 
depicted  in  Fig.  28.  This  shows  a con^arison  of  the  ranges 
of  temperature  and  density  that  can  be  produced  by  three 
techniques,  namely,  shock  tube,  static  compression,  and  bal- 
listic compressor. 

A comparison  between  the  actual  pressure  attained  by  the 
ballistic  compressor  and  theoretical  performance  predicted  by 
(a)  assuming  Isentroplc  compression  and  (b)  taking  into  account 
valve  losses  and  blow-by  is  shown  in  Fig.  29.  The  isentroplc 
compression  assumption  overestimates  the  generated  pressure  by 
as  much  as  30%. 

2 

At  test  gas  pressure  levels  up  to  140  MN/m  the  predictions 
made  by  the  nonldeal  theory  agree  with  the  experimental  results 

obtained  using  pistons  without  o-rings  (negligible  friction) . 

2 

Above  this  pressure  level  ('v  140  MN/m  ) leakage  begins  to 
reduce  the  performance  of  the  ballistic  compressor. 

Results  and  Discussion 
1.  Mass  Removal 

Table  7 shows  the  erosion  results  of  both  circular 
and  rectangular  steel  AISI  4340  orifices.  For  comparative 
purposes,  both  the  total  mass  erosion  and  the  mass  erosion  per 
unit  surface  area  of  the  test  orifice  are  presented.  The 
results  show  that  the  total  mass  removed  from  the  rectangular 
orifice  is  greater  than  for  the  circular  orifice.  However,  the 
erosion  per  unit  surface  area  is  approximately  the  same  as  that 
of  the  circular  orifices.  This  was  not  the  case  for  the  vented 
chamber  results  (propellant  gases)  reported  in  Ref.  1.  There, 
the  rectangular  orifices  experienced  greater  mass  removal  per 
unit  surface  area.  The  explanation  of  the  vented-combustor 
results  was  based  on  the  effect  of  curvature  of  the  orifice 
on  the  heat  transfer.  The  higher  the  ratio  of  the  thermal- 
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wave  thickness  to  the  radius  of  cxurvature  the  greater  the  heat 
dissipated  to  the  interior  of  the  disk  and,  thus,  the  lower  the 
surface  ten^rature.  However,  in  the  ballistic  cosqpressor 
tests,  the  test  time  is  very  short  (compared  to  the  vented 
chamber)  and,  thus,  the  depth  of  heat  penetration  is  small 
compared  to  the  radius  curvature.  Thus,  one-dimensional  slab 
heat  transfer  adequately  represents  both  the  circular  and 
rectangular  configurations. 

Comparing  the  erosive  action  of  the  gases  tested,  it  is 
evident  that  the  gas  mixtures  containing  molecular  0^  Md 
molecular  produce  high  mass  removal  rates.  CO2,  CO,  and 

produce  relatively  small  effects.  Based  on  SEM  studies  discussed 
later  in  this  report,  the  molecular  oxygen-containing  gases 
produce  erosion  of  steel  by  formation  of  low  shear  strength 
oxide  scale  that  is  swept  away  by  the  flowing  gases.  On  the 
other  hand  the  augmented  erosive  action  of  H2  in  comparison 
to  is  not  clear.  A possible  explanation  is  that  due  to  the 

hi9her  thermal  diffusivity  of  hydrogen,  the  surface  heat 
transfer  is  Increased  which  results  in  greater  erosion.  At 
room  tenperature,  for  example,  the  thermal  conductivity  of 

is  4.02  X lO’’^  cal/cm-sec-K,  whereas  the  thermal  conduct- 
* —5 

ivity  of  Nj  is  5.77  X 10  cal/cm-sec-K.  The  possibility 
that  the  mechanism  of  erosion  of  steel  alloys  by  hydrogen  may 
be  other  than  thermal  cannot  be  ignored  and  therefore  a series 
of  tests  have  been  performed  to  investigate  this.  These 
tests  will  be  discussed  later  in  this  section. 

2.  Geometric  Effects 

Topographs  of  one  symmetric  half  of  an  eroded  planar 
surface  Of  AISI  4340  steel  subjected  to  the  erosive  action  of 
high  pressure  and  high  temperature  air  and  hydrogen  are  shown 
in  Figs.  30  and  31. 

As  shown  in  Fig.  30  the  surface  of  the  specimen,  tested 
in  air  is  irregular  (wavy  in  the  direction  perpendicular  to 
the  flow) . Highest  mass  removal  occurred  at  the  upstream 
edge  as  expected.  . The  surface  regression  at  this  section 


is  of  the  order  of  60v«  On  the  other  handr  in  some  areas 
of  the  downstream  section,  the  surface  is  above  the  original 
level  indicating  possible  mass  deposition  or  more  likely 
(see  SEM  results)  oxide  formation  that  was  not  removed  by  the 
flow. 

The  topograph  of  the  steel  surface  tested  in  is  highly 

irregular  (see  Pig.  31).  The  highest  surface  regression  is  at  the 
upstream  edge.  Proceeding  do%mstream,  the  regression  decreases 
up  to  400ym  from  the  upstream  edge  where  it  begins  to  increase 
until  750iim  from  the  upstream  edge  where  it  begins  to  decrease 
to  a minimum  at  the  downstream  edge.  The  observed  hill  on  the 
surface  at  400um  from  the  upstream  edge  resulted  from  metal 
removed  at  the  upstream  edge,  transported  and  deposited  down- 
stream. The  process  of  deposition  is  also  evident  at  the  side 
edges  of  the  eroded  surface. 

3.  Characterization  of  the  Eroded  Surfaces  by  Means  of  SEM 
To  facilitate  the  study  of  the  erosive  action  of  the 
above  gases  on  steel  surface,  SEM  and  microprobe  examinations 
of  the  eroded  surface  have  been  performed.  The  surface 
modifications  of  the  test  specimens  for  each  gas  tested  were 
as  follows: 

Nitrogen  Gas 

Nitrogen  produces  little  effect  on  the  surface  of 

the  test  specimen.  Fig.  32  is  an  SEM  photomicrograph  of  the 

surface  of  AISI  4340  subjected  to  the  erosive  action  of  high 

2 

pressure  and  high  temperature  (359  MN/m  ) N^  gas.  A 
comparison  of  Fig.  32  with  that  of  an  untested  specimen  (Fig. 

15)  shows  that  minor  modifications  of  the  surface  occurred. 

The  grinding  tool  marks  observed  in  Fig.  15  are  shown  in  Fig. 

32  to  be  distinct  and  largely  unaffected.  The  amount  of  metal 
removed  in  the  N2  test  was  below  our  threshold  of  detect- 
ability (<  0.1  mg). 

Carbon  Monoxide 

Examination  of  the  test  surface  under  the  erosive 
action  of  CO  shows  the  formation  of  a thin  scale  that  seems 
to  originate  at  the  original  machining  marks  of  the  surface. 
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A closer  look  at  the  scale  (Pig.  33)  shows  the  fomatlon  of 
cracks  which  mmy  cause  the  flaking-away  of  the  scale  leaving 
the  substrate  metal  unchanged.  In  this  particular  test, 
no  mass  loss  could  be  detected. 

Carbon  Dioxide 

As  shown  in  Fig.  34  with  the  exception  of  the 
presence  of  granular  residue  on  the  test  surface*  the  surface 
is  largely  unaffected  by  CO2.  The  origin  of  these  residues 
is  not  clear. 

Hydrogen  | 

The  surface  modifications  occurring  due  to  the  j 

hydrogen/steel  interaction  is  shown  in  Pig.  35.  The  SEM 
photomicrograph  was  taken  on  the  edge  of  the  rectangular  test 
channel.  The  right  side  of  the  photograph  represents  the 
untested  surface*  the  left  side  is  the  eroded  surface.  The 
scale  formed  in  the  channel  is  shown  to  be  very  porous. 

Optically*  however*  the  test  surface  appears  smooth  and 
polished. 

The  mass  removal  of  the  test  specimen  in  the  above  H2 
test  was  0.64  mg.  At  higher  mass  removal  (3.14  mg  in  five 
consecutive  tests)  the  surface  appeared  to  be  markedly 
smoother . 

Air 

Fig.  36  shows  the  surface  appearance  of  a test 
specimen  subjected  to  a pulse  of  high  pressure  and  high  temper- 
ature air.  Microprobe  analysis  of  the  porous  scale  reveals 
large  concentrations  of  oxygen  that  indicate  that  it  is 
presumably  an  iron -oxide  scale.  The  mass  removal  can  be 
attributed  to  the  partial  removal  of  the  low  shear  strength 
oxide  scale  by  the  aerodynamic  forces  of  the  flow. 

Mechanism  of  Erosion  of  CO^,  CO*  and  0^  on  Steel  Alloys 
Carbon  Dioxide 

The  most  conqprehensive  study  of  the  chemical  erosion 
of  steel  was  made  during  NM  II  by  Evans  and  co-«N3rkers^^'^^ 
who  studied  the  erosive  effects  of  high  pressure  and  high 
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temperature  gasea  produced  by  the  combustion  of  0^  with 
excess  amounts  of  CX).  They  found  that,  in  general,  erosion 
increases  as  the  CO^  concentration  in  the  combustion 
increases.  This  result  does  not  agree  with  our  finding  that 
CO^  produces  erosion  of  the  same  magnitude  as  that  of  an  inert 
gas  (N^) . It  Should  be  kept  in  mind,  however,  that  the  results 
reported  in  Ref.  19  were  obtained  using  the  combustion  products 
produced  by  burning  O^/CO  mixtures.  Accordingly  an  appreciable 
amount  of  free  O2  is  present  in  the  test  gas  mixture  which 
may  have  produced  the  erosion  attributed  to  CO2.  This 
hypothesis  is  in  agreement  with  their  result  that  erosion 
increases  with  CO^  concentration  because  it  in^lles  a corre- 
sponding Increase  in  O2  concentration  in  the  reactive  mixture. 

Carbon  Monoxide 

The  inability  of  CO  to  produce  erosion  of  the  steel 
alloys  above  the  inert  background  erosion  (N2) , coupled  with 
the  scale  formation  observed  in  our  experiments  are  in  strong 
contradiction  to  the  carbonyl  mechanism  of  steel  erosion. 

16  17 

The  carbonyl  mechanism  proposed  by  Evans  and  co-workers  ' * 

states  that  erosion  of  steel  in  the  chemical  region  is  due  to  t 

the  formation  of  volatile  iron  carbonyl  by  the  reaction  of  CO  I 

with  Fe  \ 

Fe  + SCO  FeCCO)^ 

Their  efforts^^  however  to  isolate  and  identify  iron  carbonyl  as  the 
erosion  product  of  the  action  of  CO/CO2  mixtures  on  steel  ^ 

vents  were  not  conclusive.  * 


Oxygen 

The  augmentation  of  mass  removal  of  steel  alloys  due 
to  surface  chemical  attack  by  oxygen  is  demonstrated  in  Fig.  37. 
This  is  a plot  of  mass  removal  versus  mole  fraction  of  O2  in 
O2/N2  mixture.  This  relation  is  linear  indicating  that  the 
overall  chemical  reaction  between  O2  and  ik’on  is  a first  order 
reaction.  This  linear  relation,  however,  is  correct  when  the 
mole  fraction  of  O2  is  greater  than  0.15.  When  the  mole 

removal  is  negligible. 


Based  on  the  SEM  studies  presented  earlier  and  the  above 
results,  we  postulate  the  following  isechanlara  of  erosion  of 
steel  alloys  by  oxygen t oxygen  produces  mass  renoval  by  formation 
of  low  shearing- strength  oxide  scale (s)  that  la  partly  or 
wholly  swept  away  by  the  flowing  gases. 

To  test  this  hypothesis  a series  of  5 consecutive  erosion 
teats  were  performed  on  the  three  test  alloys.  In  each  test 
the  mass  loss  experienced  by  the  specimen  was  recorded.  Figs. 

38  and  39  show  the  results.  Fig.  38  Is  a plot  of  mass  erosion 
versus  number  of  firings  whereas  Fig.  39  Is  a plot  of  imss 
eroded  per  firing  versus  number  of  firings.  These  results 


show  that: 

a.  mass  erosion  decreases  with  Increase  In  the  number  of 
firings,  and 

b.  the  erosion  experienced  by  the  stainless  steel,  AISI  304, 
Is  greater  than  the  erosion  of  the  other  steels.  The 
chromium-molybdenum  steel,  AISI  4340,  exhibits  the 

best  erosion  characteristics  of  the  three  test  steels. 

The  decrease  of  erosion  experienced  by  the  steel  alloys  with 
repetitive  testing  Indicates  that  the  oxide  scale  formed  by  the 
reaction  of  Fe  with  O2  !•  not  completely  removed  by  the 
flowing  gases,  and  that  as  the  number  of  firings  Increase  an 
accumulation  of  oxide  scale  occurs  which  provides  successively 
better  thermal  and  oxidative  protection.* 

The  order  of  erodlbillty  of  the  steel  alloys  obtained 
using  the  ballistic  ctxnpressor  Is  not  the  same  as  obtained 
using  the  vented-combustor  apparatus.  In  the  latter  apparatus, 
the  carbon  steel,  AISI  1020  show  the  best  erosion  resist- 
ance, with  AISI  4340  and  AISI  304  following.  The  stainless 
steel,  AISI  304  showed  considerably  greater  mass  losses  than 
the  other  two.  In  the  combustor,  AISI  1020  and  AISI  4340 
experience  similar  mass  losses,  although  AISI  304  experiences 
the  greatest  mass  loss. 

The  removal  of  oxide  scale  by  the  flowing  gases  has  been 

verified  by  collecting  erosion  residue  Inside  a quartz  tube 

vdilch  was  then  Inserted  In  an  electron  paramagnetic  resonance 

*It  should  be  noted  that  whether  the  oxide  scale  accumulates 
is  very  dependent  on  the  exposure  conditions. 


ra 
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(EPR)  chamber.  The  algnal  from  the  chamber  was  positively 
identified  as  Fe^***  ion  in  axial  synaetry.*  ^*2^3 
a hexagonal  structure,  satisfies  this  requirement  and  is  a 


highly  probable  product  in  the  erosion  of  steel  by  high 

24- 

pressure  and  high  tesqperature  oxygen.  The  presence  of  Fe 
cannot  be  identified  by  EPR  at  temperatures  much  higher  than 
4 K and  since  liquid  helium  apparatus  was  not  available,  the 
possibility  of  FeO  in  the  efflux  gases  cannot  be  excluded 
at  this  time. 


To  identify  the  mechanism  of  erosion  of  steel  alloys 
by  high  temperature  and  high  pressure  hydrogen,  a series  of 
tests  were  made  on  AISI  1020  carbon  steel  vdiere  the  mass  loss 
of  the  specimen  was  measured  as  a function  of  H2  concentration 
in  H2/N2  mixtures.  The  results  are  presented  in  Fig.  40. 

They  show  that  erosion  is  considerable  only  when  the  mixture 
is  100%  H2;  at  lower  values  of  hydrogen  concentration  the 

erosion  is  similar  to  the  erosion  obtained  using  M2  and, 
moreover,  is  Independent  of  the  hydrogen  concentration. 

The  above  result  contradicts  the  hypothesis  that  the  large 
mass  removals  experienced  by  the  steel  alloys  due  to  the 
erosive  action  of  H2  in  comparison  to  that  of  H2  was  due  to 
the  high  thermal  dlffuslvity  of  H2  that  increases  the  surface 
heat  transfer  of  the  specimen,  which  in  turn  Increases  the 
erosion  rate.  If  the  hypothesis  was  true  then  the  erosion  should 
have  been  proportional  to  the  hydrogen  concentration. 


was  due  to 


that  increases  the  surface 


*A  resonance  was  obtained  in  which  the  g-value  attained  a 
value  of  about  6 (free  electrons  have  a g-value  of  2)  in  the 
formula  ......  ^ mot. 


Energy  - gBH 

where  3 « electron  charge,  H • magnetic  field 


V.  EROSION  OF  PORE  METALS  BY  HIGH 


PRESSORE  AND  HIGH  TEMPERATURE  GASES 

As  Stated  in  Section  II,  the  nechanisn  of  erosion  of 
steel  alloys  by  reactive  gases  may  be  strongly  influenced 
by  the  alloying  metals  present  in  steel.  Typical  alterations 
in  the  chemical  Interaction  between  an  alloy  and  a reactive 
gas  in  comparison  to  the  pure  metal-gas  interaction  are: 

a.  the  occurrence  of  selective  chemical  attack  oxidation 
that  results  when  the  gas  has  greater  chemical  affinity 
for  one  or  more  components  of  the  alloy  than  the  re- 
mainder of  the  components.  This  selective  chemical 
attack  by  the  reactive  gas  may  result  in  erosion  by 
weakening  the  structural  strength  of  the  alloy  surface. 

b.  The  formation  of  low  melting  oxide  by  one  of  the 

components  of  the  alloy  that  may  lead  to  excessively 

fast  oxidation  of  the  alloy.  The  detailed  mechanism 

of  the  catastrophic  effect  of  the  presence  of  liquid 

oxides  on  the  reaction  (oxidation)  of  alloys  with  gases 

2 

has  not  been  fully  understood.  It  has  been  hypothesized 
that  liquid  phases  penetrate  the  scale  along  grain 
boundaries  to  the  alloy  surface  thus  providing  a path 
for  the  rapid  diffusion  of  reactive  gas  molecules  or 
ions  to  the  metal  surface. 

Our  objective  was  to  initiate  a study  on  the  erosion  of 
pure  metals  that  constitute  the  alloying  elements  of  steel  by 
propellant  gases  and  pure  gases  and  to  compare  the  erosion 
characteristics  of  these  metals  to  the  erosion  characteristics 
of  steel. 

Presently  we  have  examined  the  mass  removal  experienced 
by  Fe,  Mi  and  Mo  under  the  erosive  action  of  high  pressure 
and  high  temperature  propellant  gas  and  air.  These  erosion 
results  have  been  compared  to  the  corresponding  results  of  the 
three  test  alloys  considered  in  this  investigation  (i.e.,  AISI 
1020  carbon  steel,  AISI  4340  chrome -moly  steel  and  AISI  304 
stainless  steel) . 
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Apparatus 

The  erosion  of  the  pure  metals  by  propellant  gases  was 
studied  In  the  vented-combustor  apparatus  described  In  Section 
III  of  this  report.  The  propellant  used  was  IMR-4198  single- 
base propellant. 

The  erosive  action  of  high  pressure  and  high  temperature 
air  on  Fe,  Nl  and  Mo  was  Investigated  utilizing  the 
ballistic  compressor  apparatus  described  elsewhere  In  the 
report  (Section  IV) . 

The  geometry  of  the  test  orifices  was  cylindrical.  No 
tests  were  performed  on  rectangular  orifices,  although  future 
plans  exist  to  utilize  the  erosion  of  rectangular  orifices  In 
conjunction  with  SEM  studies  of  the  surface  modifications  of 
eroded  pure  metal  specimens. 

The  room  temperature  thermal  properties  of  Iron,  nlc)cel, 
molybdenum  and  the  three  steel  alloys  tested  are  shown  In  Table 
4. 

Results 

A comparison  of  the  erosive  action  of  propellant  gases 

on  Iron,  nickel,  molybdenum  and  the  three  steel  alloys  considered 

In  this  investigation  Is  shown  In  Table  8.  Tests  were  performed 

2 

at  two  pressure  levels  230  and  360  MN/m  . This  Table  Includes 
also  the  average  enlargement  of  the  diameter  of  the  test 
orifice  computed  from  the  mass  loss  experienced  by  the  test 
specimen.  At  the  high  pressure  level,  molybdenum  shows  the 
least  amount  of  erosion,  with  iron  next,  then  the  two  steel 
alloys  AISI  4340  and  1020,  then  nickel  and  last  the  stainless 
steel  AISI  304.  At  the  low  pressure  level,  the  order  of  the 
nickel  is  the  same  as  that  of  Iron  (second)  whereas  the  chrome- 
moly  steel  AISI  4340  eroded  more  than  twice  as  much  as  the  carbon 


steel  AISI  1020. 

In  general,  the  order  of  erodlblllty  of  the  above  materials 
can  be  predicted  by  examining  their  thermal  properties.  For 
example,  molybdenum  has  the  highest  melting  or  solidus 
temperature  and  also  the  highest  thermal  conductivity.  On  the 
other  hand,  AISI  304  stainless  steel  has  the  lowest  solidus 
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VI.  A STUDY  OF  THE  EROSION  REDUCING 
ACTION  OF  ADDITIVES 

In  recent  years  efforts  to  reduce  the  erosion  of  gun 
barrels  have  been  centered  on  the  use  of  wear  reducing  ad- 
ditives because  this  technique  Is  simple  and  relatively  In- 
expensive and  has  shown  very  promising  results.  The  most 
effective  additives  are:  polyurethane  foam,  Tl02/wax  (Swedish 
additive)  and  Talc/wax.  Attempts,  however,  by  various 

Investigators  to  examine  the  relative  effectiveness  of  the  above 

2 3 

three  additives  as  erosion  reducing  agents  were  not  conclusive. 

Tests on  a 105  mm  tank  cannon  showed  that  the  Swedish  additive 

Is  superior  to  polyurethane  foeun.  However,  recent  laboratory 
25 

tests  with  a 37  mm  gun  Indicated  that  the  superiority  of  the 
Swedish  additive  vs.  the  polyurethane  foam  may  be  attributed 
to  Improper  experimental  comparison.  When  the  Swedish  additive 
(Ti02/wax)  was  tested,  flaps  that  cover  the  base  of  the 
projectile  were  Incorporated  whereas  in  the  case  of  polyurethane 
fcam  no  flaps  were  used.  Laboratory  tests  performed  by  Picard 
and  co-workers^® showed  that  erosion  reduction  obtained  by 
the  talc/wax  additive  is  significantly  greater  than  that  of  the 
Swedish  additive.  This  result  was  also  verified  in  tests  per- 
formed on  a 105  mm  tank  cannon.  On  the  other  hand,  recently 
Schroeder  et  al,^®  using  a 37  mm  caliber  gun,  found  that  poly- 
urethane foaun  was  superior  to  both  Ti02/wax  and  talc/wax  additives 
as  long  as  the  additives  were  tested  In  the  same  configuration. 
Their  study,  however,  was  performed  at  lower  combustor  pressures 
In  comparison  to  the  pressures  commonly  encountered  In  Interior 
ballistics. 

The  apparent  discrepancies  in  the  results  of  the  various 
Investigations  on  the  relative  effectiveness  of  the  wear- 
reducing  additives  stems  mainly  from  the  non-uniform 

experimental  conditions  used  to  compare  the  additives.  The 
effectiveness  of  the  additives  as  erosion  reducers  strongly 


depends  on  their  positioning  In  the  propelling  charge.. 
Furthermore  the  relative  effectiveness  varies  with  the  mass 
fraction  of  the  additive  present  in  the  propelling  charge  and 
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on  particle  size,  although  experimental  confirmation  of  the 
latter  has  yet  to  be  achieved.  A deeper  root  of  the  incon" 
sistency.  of  the  results  is  that  the  development  of  these 
additives  has  been -mainly  empirical;  little  effort  has  been 
applied  to  study  the  mechanisms  of  the  erosion-reducing  action 
of  these  additives. 

The  present  investigation  is  an  experimental  etudy  of  the 
reducing  action  of  several  known  additives  on  the  erosion  of 
AISI  4340  chrome-moly  steel  and  AISI  304  stainless  steel  by 
propellant  gases.  Recognizing  that  in  gun  systems  the  critical 
parameter  is  the  available  volume » comparison  of  the  additives 
has  been  performed  by  keeping  the  positioning  and  the  volume 
of  these  additives  with  respect  to  the  test  specimen  the  same 
in  all  tests. 

Several  test  specimen  surfaces  have  been  subjected  to  SEM 
examination  to  obtain  the  effect  of  the  additives  on  the  surface 
modifications  of  the  test  specimen. 


The  tests  were  performed  in  the  vented-combustor  apparatus 
described  in  Section  III  of  this  report.  The  test  specimen 
configuration  -and  the  positioning  of  the  additive  relative  to 
the  test  specimen  is  shown  schematically  in  Fig.  41.  The 
additive  was  placed  inmediately  upstreeun  of  the  test  specimen; 
the  orifice  of  the  additive  is  smaller  than  the  test  orifice 
in  order  that  the  protruding  mass  of  the  additive  be  easily 
transported  by  the  flow  of  the  combustion  gases  to  the  metal 
surface. 

The  additives  under  investigation  were: 
ia.  polyurethane  foeun, 

b.  Ti02/wax  (46/54%  by  mass) , 

c.  talc/wax  (40/60%  by  mass), 

d.  paraffin  wax,  and 

e.  silicone  lubricant  (vacuum  grease). 

The  combustion  gases  were  generated  by  burning  IMR-4198 

single  base  propellant.  The  combustor  pressure  in  all  tests 

2 

was  kept  approximately  constant  at  290-324  MN/m  . 
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Results  and  Discussion 

A summary  of  the  results  for  both  types  of  steel  tested 
are  given  In  Table  10.  The  most  effective  erosion  reducer  Is 
shown  to  be  talc/wax  additive;  second  Is  the  paraffin  wax. 

The  surprising  result  Is  that  the  polyurethane  foam,  which  has 
been  shown  to  be  In  many  Investigations  very  effective  as  an 
erosion  reducer,  produced  minor  changes  In  the  mass  removals 
experienced  by  the  test  specimen  under  the  erosive  action  of 
high  pressure  and  high  temperature  propellant  gases.  It  must 
be  emphasized,  however,  that  this  comparison  Is  based  pn 
constant  volume  of  the  additive.  A comparison  by  mass  of 
additive  present  may  produce  different  results.  As  shown  In 
Table  9 the  mass  of  the  talc/wax  additive  Is  3 times  greater 
than  the  mass  of  the  polyurethane  foam.  However,  as  stated 
earlier,  the  comparison  of  the  performance  of  the  additives 
should  be  made  based  on  the  voliune  of  the  additives  because 
the  volume  Is  a critical  parameter  In  the  design  of  guns. 

Another  noteworthy  point  of  these  results  Is  that  the 
percentage  reduction  of  erosion  obtained  by  using  a particular 
additive  Is  similar  In  both  types  of  steel  tested. 

An  Indication  of ' the  mechanisms  of  the  erosion  reducing 
action  of  the  additives  Is  provided  by  SEM  photomicrographs 
of  the  eroded  surface.  Fig.  42  shows  an  eroded  surface  without 
the  use  of  additives.  The  cracks  present  on  the  eroded  surface 
have  been  shown  to  result  from  thermal  stresses;  the  contri- 
bution of  the  crack  formation  to  the  overall  mass  removal 
process  Is  believed  to  be  minor.  Surface  modifications  resulting 
from  the  use  of  additives  are  shown  In  Figs.  43  and  44.  In  Fig. 
43,  polyurethane  foam  was  used  as  the  additive;  Fig.  44  shows 
the  effect  of  the  Swedish  additive.  It  Is  apparent  from  a 
comparison  of  Figs.  42,  43  and  44  that  In  the  case. of  polyurethane 
foam, the  eroded  surface  remains  unchanged  whereas  In  the  case 
of  the  Swedish  additive  a thick  deposit  of  the  additive  exists 
on  the  metal  surface  which  may  probably  provide  a protection 
for  further  erosion. 

The  coating  action  of  the  additives  to  provide,  thermal 
and  chemical  Insulation  of  the  test  surface  from  the  erosive 


J iPii 


IT 


I 


’p 

I 


..wy 


-37- 

attack  of  propallant  gaaaa  has  bsan  suggsstsd  in  carllsr 
studios.  Analysis of  ths  bora  coating  matsrial  of  ths 
Swedish  additivs  shows  that  about  77%  by  mass  is  Ti02> 
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VII.  CONCLUSIONS 

Reactions  of  Propellant  Gases  with  Steel  Alloys 

Themodynamlc  calculations  of  the  reactions  of  the 
individual  gaseous  components  of  propellant  gases  with  the 
alloying  elements  of  steel  show  that: 

1.  The  order  of  likelihood  for  the  products  to  be  formed 
Is:  1)  oxides  2)  nitrides  3)  carbides  and  4)  carbonyls. 

2.  Oxygen  has  the  greatest  affinity  to  combine  with  a metal 
to  produce  an  oxide/  followed  by  CO^  and  H2O. 

3.  Chromium  and  manganese  produce  more  stable  oxides  than 
Iron/  whereas  the  oxides  of  nickel  are  less  stable  than 
the  Iron-oxldes. 

4.  The  Gibbs  free  energy  of  most  of  the  reactions  considered 
increases  with  temperature/  Indicating  that  these  reactions 
are  less  favorable  at  higher  temperatures. 

5.  Equilibrium  calculations  of  the  iron-oxygen/  iron-COj-CO 
and  iron-HjO-H  systems  Indicate  that/  for  typical  propellant 
gas  compositions/  the  scale  formed  by  the  chemical  Inter- 
action of  propellant  gases  with  steel  will  consist  largely 
of  wustite  (FeO) . This  finding  Is  In  agreement  with 
experimental  Identification  of  the  products  of  erosion  of 
gun  barrel  steel. 

Erosion  of  Steel  Alloys  by  Propellant  Gases 

Scanning  Electron  Microscope  studies  of  steel  surfaces 
subjected  to  the  erosive  action  of  propellant  gases/  using  the 
vented-combustor  apparatus/  provided  the  following  conclusions: 

1.  The  eroded  surfaces  of  steel  alloys  were  covered  largely 
by  a scale  which  Is  presumably  formed  by  the  chemical 
Interaction  between  propellant  gases  and  steel  alloy. 
Electron  Microprobe  Analysis  Indicated  the  presence  of 
appreciably  more  carbon  In  con^arlson  with  an  unexposed 
specimen. 

. The  relative  decrease  of  area  occupied  by  the  scale  at 

higher  pressures  suggested  that  the  cohesive  forces  between 
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the  scale  and  the  underlying  test  metal  were  not  sufficiently 
strong  to  resist  the  high  shearing  forces  of  the  flow. 

3 . Crack  formations  were  shotm  to  be  present  on  the  under- 
lying metal  surface  of  an  eroded  test  specimen. 

4.  The  width  and#  probably#  the  depth  of  these  cracks  were 
found  to  Increase  with  Increasing  combustor  peak  pressure. 

5.  The  width  of  the  cracks  were  shovm  to  increase  using  a 
higher  Isochoric  flame  temperature  propellant. 

6.  A cong>arlson  of  the  crack  formations  of  the  eroded  surface 
of  the  three  test  alloys#  namely#  AISI  1020  carbon  steel# 

AISI  4340  chromium-molybdenum  steel#  and  AISI  304  stainless 
steel  showed  that  the  cracks  were  wider  in  the  case  of 
AISI  304  steel  than  of  the  AISI  4340  steel.  The  smallest 
width  of  cracks  was  in  the  case  of  carbon  steel  AISI  1020. 
These  results  indicate  that  crack  dimensions  were  inversely 
independent  upon  the  thermal  conductivity  of  the  steel. 

7.  Repetitive  tests  showed  that  crack  formation  did  not 
increase  appreciably  with  the  number  of  firings. 

8.  Tests  performed  using  the  ballistic  coitqpressor  to 
investigate  hydrogen  embrittlement  as  the  mechanism  of 
crack  formations  were  not  conclusive. 

9.  The  tests  performed  thus  far  indicate  that  the  mechanism 
of  crack  formation  is  thermal;  cracks  were  probably  formed 
to  relieve  strains  produced  by  volume  changes  resulting 
from  the  rapid  heating  and  cooling  processes. 

10.  No  evidence  was  found  to  relate  crack  formations  to  the 
erosion  of  steel  alloys  exposed  to  the  environmental 
conditions  used  in  the  present  study. 

Erosion  of  Steel  Alloys  by  Pure  Gases 

The  erosion  of  steel  alloys  under  the  action  of  high  temp- 
erature and  high  pressure  pure  gases  or  gas  mlxttires  was 
studied  utilising  the  ballistic  compressor.  The  test  gases 
used  were  N2#A#  CO#  H2  and  CO2/A#  M2/02>  N2/H2/O2 
mixtures. 

Coaqparison  of  the  mass  erosion  experienced  by  circular 
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orifices  versus  rectangular  orifices  shows  that  the  total 
mass  removed  from  the  rectangular  orifices  was  greater  than 
for  the  circular  orifices.  However,  the  erosion  per  unit 
surface  area  was  approximately  the  same  for  both  of  the  flow 
configurations  tested.  This  was  attributed  to  the  fact  that 
the  depth  of  heat  penetration  in  the  ballistic  compressor 
tests  was  small  compared  to  the  radius  of  curvature  of  the 
circular  orifices.  Thus  these  orifices  behave  as  if  they  were 
one-dimensional  slabs. 

In  accordance  with  the  results  reported  in  Part  I of  this 
study, ^ hydrogen  and  molecular  oxygen-containing  gases  (Air, 
O2/N2  and  H2/O2/N2  mixtures)  provided  considerably  more 
erosion  of  the  AISI  4340  steel  than  the  inert  gases,  N2,  A,  and 
CO  and  CO2/A  gas  mixtures. 

Based  on  SEM  studies,  the  following  characterization  of 
the  eroded  surfaces  resulting  from  the  high  pressure  and  high 
temperature  action  of  various  gases  were  observed: 

1.  Nitrogen  produced  little  effect  on  the  surface  of  a 
steel  specimen. 

2.  Carbon  monoxide  produced  a scale  that  partly  covers  the 
substrate  metal.  Examination  of  the  scale  showed  the 
formation  of  cracks  that  may  have  caused  the  flaking- 
away  of  the  scale. 

3.  Hydrogen  produced  considerable  modifications  of  the  eroded 
surface.  The  scale  formed  on  the  metal  surface  was  shown 
to  be  very  porous.  Evidence  of  melting  was  observed  also. 

4.  Air  and  . O2/N2  mixtures  produced  a relatively  thick  scale 
on  the  eroded  surface.  Microprobe  analysis  of  this  scale 
revealed  large  concentrations  of  oxygen  which  indicates 
that  it  is  an  iron-oxide  scale. 

The  mechanism  of  the  erosive  action  of  H2  on  steel  alloys 
was  Investigated  by  varying  the  molar  concentration  of  H2  in 
N2/H2  mixtures.  These  results  show  that  appreciable  erosion 
was  obtained  only  with  100%  H2>  At  concentrations  of  95%  H2 

and  lower,  the  mass  erosion  experienced  by  the  steel  specimen 
was  independent  of  the  mole  fraction  of  H2  in  N2/H2  mixtures. 
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A profllometrlc  study  of  s surfscs  srodsd  by  high  prsssurs 
and  high  tsa)|>sraturs  H2  indicatsd  that  mss  rssKival  upstrsaa 
may  be  transported  and  deposited  elsewhere  downstream. 

The  role  of  H2  on  the  erosion  of  steels  was  not  elmcidsted; 
further  Investigation  is  required. 

The  erosion  of  AISI  4340  steel  was  shown  to  be  linearly  pro- 
portional to  the  mole  fraction  of  O2  in  "‘^^^*** 

Under  some  conditions,  repetitive  tests  indicated  that 
mass  erosion  decreases  with  increasing  number  of  firings. 

This  suggested  that  the  oxide  scale  formed  by  the  reaction  of 
Fe  and  O2  was  not  coiig>letely  removed  by  the  flowing  gases  and 
as  the  number  of  firings  increased,  an  accumulation  of  oxide 
occurred  which  provided  successively  better  thermal  and  oxida-  4 

tive  protection.  1 

I 

Comparison  of  the  mss  erosion  experienced  by  the  three 
steel  alloys  under  the  action  of  high  pressure  and  high  temp-  / 

erature  air. showed  that  AISI  304  experienced  the  greatest  mss 
loss;  AISI  1020  and  4340  experienced  similar  mass  losses. 

Erosion  of  Pure  Metals  by  High  Pressure  and  High  Temperature 

Gases 

To  study  the  influence  of  the  alloying  metals  of 
steel  on  the  overall  erosion  of  steel  alloys,  the  mss  removal 
experienced  by  Fe,  Ni  and  Mo  under  the  erosive  action  of 
high  pressure  and  high  temperature  propellant  gases  and  air 

was  examined  and  coiig)ared  to  the  corresponding  results  of  the 
three  test  alloys. 

In  both  the  vented-conbustor  and  ballistic  congiressor 
tests,  molybdenum  exhibited  the  best  erosion  characteristics . 

However,  it  was  observed  that  molybdenum  is  structurally  weak; 
under  the  extreme  conditions  of  pressures  produced  in  our 
apparatus , molybdenum  disks  showed  large  cracks . 

In  the  vented-combustor  apparatus  at  a high  pressure  level, 
iron  was  shown  to  have  the  next  best  erosion  characteristics 
followed  by  the  two  steel  alloys  AISI  4340  and  AISI  1020, 
then  nickel  and,  last,  the  stainless  steel  AISI  304.  The 


mass  erosion  experienced  by  these  test  specimens  can  be 
grossly  correlated  with  their  thermal  conductivities.  The 
higher  the  thermal  conductivity  of  a material  the  smaller 
the  mass  removal,  assuming  the  solidus  or  melting  temperature 
Is  sufficiently  high. 

The  chemical  Interactions  of  the  above  test  specimens  with 
oxygen  were  observed  utilizing  the  ballistic  compressor. 

Molybdenum,  In  these  tests,  eroded  the  least,  followed  by 
nickel  and  then  Iron,  In  agreement  with  the  calculated  affinity 
of  these  elements  for  oxygen. 

Iron  was  shown  to  experience  the  same  mass  removal  as  the 
three  test  steel  alloys.  This  Indicates  that  the  alloying 
elements  of  steel  do  not  alter  the  chemical  Interaction  between 
oxygen  and  Iron. 

The  Erosion  Reducing  Action  of  Additives 

An  experimental  study  of  the  eroslon^reduclng  action  of 
known  additives  (polyurethane  foam,  T102/wax,  talc/wax,  paraffin 
wax  and  silicone  lubricant)  on  the  erosion  of  AISI  4340  chrome- 
moly  steel  and  AISI  304  stainless  steel  by  propellant  gases 
was  performed.  The  positioning  and  the  voliime  of  these  additives 
with  respect  to  the  test  specimen  was  kept  the  same  throughout 
the  experimental  cmi^arlson. 

2 

At  the  high  pressures  utilized  In  these  tests  (Puj^  * 290  MN/m  ) 
the  most  effective  erosion  reducer  was  shown  to  be  the  talc/wax 
additive;  second,  was  the  paraffin  wax.  Polyurethane  foam, 
known  to  be  very  effective  In  the  reduction  of  gun  barrel  erosion, 
showed  little  promise.  SEM  Investigation  of  the  eroded  surfaces 
Indicated  that,  unlike  the  TlO^/wax  additive,  the  polyurethane 
foam  did  not  leave  a deposit  on  the  eroded  surface.  The  coating 
action  of  the  additives  Is  hypothesized  to  contribute  greatly 
to  their  role  as  erosion  reducers. 

The  reduction  percentage  of  erosion  achieved  by  using  a 
particular  additive  was  similar  In  both  steels,  AISI  4340  and 
AISI  304. 


1 
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VIII.  OVERALL  CONCLUSIONS  AND  RECOMMENDATIONS 

OF  THIS  STUDY 

Based  on  both  the  vented-ccMnbustor  tests  and  the  ballistic 
compressor  tests  of  this  study,  we  have  cosm  to  the  preliadnary 
conclusion  that  the  erosion  of  steel  alloys  (under  normal  gun 
firing  condition^)  by  high  pressure  and  high  temperature  gases 
is  due  to  the  chemical  interaction  between  the  reactive  gases 
and  the  steel  surface  that  results  in  the  formation  of  a scale; 
the  adhesive  forces  between  the  product  scale  and  the  metal 
surface  are  not  sufficiently  high  to  overcome  the  frictional 
forces  induced  by  the  flow.  Thus,  the  scale  partly  or  idiolly 
is  removed  by  the  flow. 

To  investigate  further  the  mechanism  of  erosion  of  steel 
alloys  by  propellant  gases  and  to  isolate  the  reactive  gases 
present  in  propellant  gases  that  are  responsible  for  the 
chemical  attack  on  the  steel  surface,  future  research  should 
be  directed  toward: 

a)  The  precise  identification  of  the  molecular  species  present 
as  reaction  products  on  the  eroded  surfaces. 

b)  The  prediction  of  the  surface  temperature  attained  by  the 
steel  speciMns  both  in  the  vented-combustor  apparatus 
and  the  ballistic  cooipressor  apparatus. 

c)  Further  investigations  of  the  mechanisms  of  the  erosive 
action  of  H2  end  R2O  on  steel  alloys. 

d)  The  use  of  the  ballistic  cos^ressor  to  study  the  erosion  of 
steel  by  gas  mixtures  such  as  CO/CO2  end  H2/H2O.  These 
geses  ere  the  mejor  ccxnponents  of  propellent  gases. 


*Thus,  «re  considered  the  situations  «diich  avoid  the  extremes 
that  produce  high  rates  of  melting. 


. J 
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Table  2 


Products  of  Erosion  Identified  and 
the  Position  in  Which  They  Were  Found 


Alteration  Product 

Superficial 

Surface 

Layer 

Surface 

layers 

near 

C • of  R« 

Entrapped 

in 

coppering 

In 

Cracks 

Beneath 

Cartridge 

Case 

Cementite  Fe^C 

X 

X 

FejC 

X 

Austenite 

X 

X 

X 

Magnetite 

X 

X 

X 

X 

Wastite  FeO 

X 

X 

Iron  nitride  e 

X 

X 

Iron  nitride  y 

X 

X 

Chalcocite  CU2S 

X 

X 

Wurtzite  ZnS 

X 

X 

X 

X 

Sphalerite  ZnS 

X 

Digenite  Cu^S^ 

X 

Pyrrhotite  FeS^ 

X 

Barium  carbonate 

X 

Barium  sulphate 

X 

Barium  nitrate 

X 

Chromium  carbide 

X 

Nickel  carbide 

X 

Table  3 


Nominal  Composition  of  the  Steel  Alloys 
Used  in  the  Erosion  Tests 


Table  4 

Thermal  Properties  of 
Used  In  This 

Test  Specimens 
Study 

METAL 

OR 

ALLOY 

DENSITY 

P 3 
g/cm"^ 

THERMAL* 

CONDUCTIVITY 

k 

cal/cm-s-K 

IRON 

7.87 

0.192 

NICKEL 

8.90 

0.215 

MOLYBDENUM 

10.22 

1 

0.335 

AISI  1020 

7.86 

0.124 

AISI  304 

8.02 

0.041 

AISI  4340 

7.86 

0.090 

0.108 


0.106 


0.060 


0.107 


0.12 


0.107 


SOLIDUS 

IPERATURI 

K 


1810 


1726 


2893 


1789 


1700 


1778 


*At  room  temperature 
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Table  6 

Special  Teats  Performed  to  study 
the  Mechanism  of  Crack  Formation 
of  Steel  Alloys  Under  the  Action 
of  High  Pressure  Propellemt  Gases. 


10-6 


27-6 


27-1 


27-3 


TEST  GAS 
(MOLE  FRACTION) 

PEAK 

PRESSU^ 

MN/m^ 

«2 

324.0 

H2/CO2 

(20/80) 

482.6 

Hj/COj 

620.5 

(20/80) 

Ar 

78.6 

MASS 

ERODED 

mg 


0.52 


*Avera9e  erosion  in  5 consecutive  tests 
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Table  8 

The  Erosive  Action  of  Propellant  Gases 
on  Iron#  Nickel#  Molybdenum  and  the 
Three  Test  Steel  Alloys* 


TEST  MATERIAL 

^MAX  " MN/m^ 

PjjAx  “ 3^0  MN/m^ 

MASS  ERODED 
mg 

AVERAGE 
DEPTH  ERODED 
urn 

IRON 

0.47 

11.3 

2.99 

72.1 

NICKEL 

0.49 

10.4 

4.72 

100.7 

MOLYBDENUM 

0.03 

0.5 

0.14 

2.6 

AISI  1020 

0.83 

20.0 

3.56 

36.0 

AISI  304 

3.45 

81.6 

8.67 

205.2 

« 

AISI  4340 

1.83 

44.2 

3.28 

79.2 

*Circular  orifices  tested  with  IMR  4198;  average  of  two  tests. 
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Table  9 

The  Erosive  Action  of  High  Pressure 
and  High  Temperature  Air  on  Iron,  Nickel, 
Molybdenum  and  on  the  Three  Test  Steel  Alloys 


TEST  MATERIAL 

PEAK 

PRESSURE 

MN/m^ 

A 

MASS  ERODED 
mg 

MOLYBDENUM 

370 

0.11 

. NICKEL 

376 

B 

IRON 

383 

1.33 

AISI  1020 

334 

1.23 

AISI  4340 

341 

0.85 

AISI  304 

334 

1.96 

^Average  of  two  or  more  exposures  of 
circular  orifices. 
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TBNPBRATUIU:,  *X 


Fig.  1 Pr««  energy  of  reaction  of  CO2  gas»  at  1 
ataoephere  pressure » with  sMjor  metallic 
constituents of  steel  to  fora  metallic  oxides. 


ENERGY  OP  REACTION,  kcal/mole 
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Fig.  4 Free  energy  of  reaction  of  O2  gas,  at  1 
atmosphere  pressure,  with  major  metallic 
constituents  of  steel  to  form  metallic  oxides. 
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H«0  (METAL  OXIDE 


Mm  (METAL 


O,  PARTIAL  PRESSURE  IN  THE  GAS 
^ PHASE 


(Pn  ) * EQUILIBRIUM  PARTIAL  PRESSURE  OF  O. 


6b  Schematic  diagram  of  the  equilibrium  atates 
(p-  versus  T)  of  the  reaction: 


RTln (P^  ) , kcal/mole 


REACTIONS: 


2PeO  ^ 2Pe  + Oj 

(9) 

l/2Pe30^^  3/2Pe  + Oj 

(10) 

2Pe30^.^^  6P«0  + Oj 

(11) 

4Pe30^  + Oj 

(12) 

2/3Pe203.;;i“  4/3Pe  + Oj 

(14) 

2Pe203^  6PeO  + O2 

(15) 

- 90 


-110 


-130 


ai^‘ 

(9)^ 


700 

TEMPERATURE,  K 


1300 


Fig.  6c  EquiliLrium  curves  of  all  the  iron-oxygen  ro.'cticn: 

Dotted  lines  indicate  equilibria  of  reactions  that. 


do  not  occur. 


(a)  COMBUSTOR  WITH 
0.15  CM  DIA 
VENT  ORIFICE 


(b)  COMBUSTOR  WITH 
NO  VENT  ORIFICE 


VERTICLE  SCALE:  68.9  MN/m^/DIVISION 
HORIZONTAL  SCALE:  0.5  MSEC/DIVISION 

11  Comparison  of  the  pressure  history  of  the  vented 
combustor  using  (a)  0.15  cm  dia.  vent  orifice, 
and  (b)  no  vent  orifice.  The  effective  test 
time  is  increased  by  a factor  of  2.5  when  no  vent 
is  used. 

1 MN/m^  » 145.04  Ibf/in^ 


SS  ERODED 
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Fig.  12  Ezosion  of  AISI  4340  steel  alloy  rectangular 
orifices  as  a function  of  combustor  peak 
pressure. 

1 MN/m^  - 145.04  Ibf/in^ 


I 


Note: 
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T0P06RAPH  SHOWING  ERODED  PLANAR  SURFACE 


p = 103.4  MN/m*" 
^max 

Am  = 0.26  mg 


5 Vim 


p =213.7  MN/m^ 
^max 

Am  = 2.32  mg 


5 vim 


Pmax  ' '‘«-4  WH/”^ 

Am  = 7.02  mg 


16  SEM  photographs  of  the  surface  of  AISI  4340 

steel  specimens  showing  that  the  width  of  cracks 
produced  by  the  action  of  IMR  4198  propellant 
gases  increases  with  increasing  pressure. 


MAXIMUM  CRACK  WIDTH,  ym 


5- 


Fig.  17  Maximum  crack  width  vs  combustor  peak  pressure 
The  width  of  cracks  increases  with  increasing 
peak  pressure. 


PROPELLANT:  IMR  4198 
» 3000  K 

Pmax  * 

Am  * 5.13  mg 

SINGLE  TEST 


PROPELLANT:  Ml 
T^  » 2530  K 

Pmax  - 

Am  * 5.42  mg 
SINGLE  TEST 


£ the  eroded  surface  of 
pecimens  showing  that  the 
ncreases  with  increasing 


. S 
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AISI  4340  I 

“ 313.7  MN/m^  I 

“^max  j 

Am  = 5.13  mg  I 

K “ 37.66  WATTS/mK  1 

j 


I 

I ' 

AISI  1020 
Pmax  ’ 

Am  B 4.81  mg 

K = 51.88  WATT/mK  1 


AISI  304 
Pmax  = 

Am  S'  12.91  mq 
K = 17.15  WATT/mK 

I 

Fig.  19  SEM  photographs  of  steel  specimens  under  the 
erosive  action  of  propellant  gases  showing 
that  the  crack  width  increases  with  decreasing 
conductivity  of  the  steel. 


j Fig.  21  SEM  photograph  showing  the  inert  erosive 

I action  of  Argon  on  AISI  4340  steel  surface. 

Surface  modifications  are  believed  to 
I result  from  surface  melting. 

i 

I 


PROPELLANT:  IMR  4198 


Pmax 

AM  = 


= 3000  K 
= 290  MN/m^ 
10.12  mg 


5 Consecutive  Tests 


Fig.  22  SEM  photograph  of  the  eroded  surface  of  AISI  4340 
steel  specimen  showing  that  consecutive  tests  do 
not  augment  crack  formation. 


! 

I 

\ 

i 

I 


I 
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Fig.  24b  SEM  photograph  of  eroded  AISI  304  steel 
collected  on  a copper  substrate. 
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Fig.  26  Schematic  dlagreun  of  the  ballistic  compressor 


HORIZONTAL  SCALE  = 0.2  msec/DIVISION 
VERTICAL  SCALE  = 68.9  MN/m^/DIVISION 


Fig.  27  Typical  pressure-time  trace  of  ballistic  compressor 


Pq  > INITIAL  PRESSURE 
- FINAL  PRESSURE 

naX 

BALLISTIC  COMPRESSOR 
(IDEAL  DIATOMIC  GAS 
T-  » 298  K) 


NUMBER  DENSITY,  N/N. 


Comparison  of  modes  of  production  of  hot,  high 
pressure  gases  showing  the  versatility  of  the 
ballistic  compressor. 


ISENTROPIC  COMPRESSION 
THEORY 


THEORY  TAKING  INTO 
ACCOUNT  VALVE  LOSSES 
AND  BLON-BY 


^ PISTON  KITHOUT 
"0" -RINGS 
O PISTON  WITH 
"0" -RINGS 


RESERVOIR  PRESSURE,  MN/m 

Comparison  of  experimentally  attained  peak  pres- 
sures with  (a)  isentropic  con^ression  theory 
and  (b)  theory  taking  into  account  valve  losses 
and  blow-by. 
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Phax  “ 

^MAX  = 5150  K 
AM  = 0.0  mg 


SEM  photograph  showing  the  inert  erosive 
action  of  N2  on  AISI  4340  steel  surface. 


Fig.  32 


I 

J 

Fig.  34  SEN  photograph  showing  that  the  surface 

is  largely  unaffected  by  the  CO2  interaction. 


-max 

^inax 


368.9  MN/m 
3150  K 

1.44  ing 


Fig.  35 


SEM  photograph  of  AISI  4340  steel  test 
specimen  showing  the  surface  alterations 
resulting  from  H2  interaction. 


TEST  SPECIMEN  t AISI  4340 
ORIFICE  DIA  « 0.066  cm 
DISK  THICKNESS  « 0.25  cm 


MIXTURE 


MOLE  FRACTION  OF  O 


Mass  erosion  of  AISI  4340  vs  mole  fraction 
of  02  In  O2/N2  mixture.  Indicating  the 
chemical  nature  of  erosion. 


BALLISTIC  COMPRESSOR 


AISI  304 


AI82  1020 


TEST  GAS t AIR 


MO.  OF  FIRINGS 


39  Mass  aroslon  par  firing  varsus  numbar  of 
firings  showing  a particular  axposura  condi- 
tion  for  which  a tos ion  dacraasas  with  increas 
Ing  numbar  of  firings. 


HASS  ERODED,  mg 


MOLE  FRACTION  OP  IN  Hj/Nj  MIXTURE 


40  EroBlon  of  AISI  1020  steel  vs  mole  fraction  of  H2 
In  K2/M2  mixture,  indicating  that  for  H2 
concentrations  less  than  95%  erosion  is  independent 
of  H2  concentration. 


TEST  SPECIMEN t AISI  1020 
ORIFICE  GEOMETRY:  RECTANGULAR 
Pmax  ■ 330  MN/m^ 


I 


Fig.  43  SEM  photograph  of  an  eroded  surface  of 

AISI  4340  steel  subjected  to  the  action  of 
IMR  4198  propellant  gases  showing  the  minor 
coating  action  of  polyurethane  foam  additive. 


SEM  photograph  of  an  eroded  surface  of 
AISI  4340  steel  subjected  to  the  action  of 
IMR  4198  propellant  gases  showing  the 
significant  coating  action  of  Ti02/wax 
erosion-reducing  additive. 


■”n¥i. 
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APPENDIX  I 


General  Equlllbrlmn  Theory 

Consider  a closed  system  composed  of  several  cc:^>onents. 
Let  n^^  the  moles  of  species  1 present  In  the  system.  The 
Gibbs  free  energy  can  be  expreseed  as 


G « G(T,  p,  n^,  nj  Tij) 


Then 


l^^^p,n^  (®”ijT,p,nj 


(I-l) 


dn^  (1-2) 


In  the  case  of  one-component  system  (i.e. r dn£>0) r the  change 
of  the  Gibbs  free  energy  is  given  by 

' ' i 

dG  ■ -SdT  + Vdp  (1-3) 

Comparing  equation  (2)  and  (3)  we  obtain  the  following  relations 


faGl 


(1-4) 


Thus  equation  (2)  may  be  written  as 


dG  » -SdT  + Vdp  + ^ yj^dn^ 
where  the  chemical  potential  y^  is  defined  as 


(1-5) 


“i  = (1^) 


T»P»nj 


* * partial  molal  Gibbs  free 

^ energy* 


♦The  partial  molal  property  of  L (where  L la  any  property 
such  as  volume f entropy / etc.^  is  defined  as 


(1^) 


T»P»nj 
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Now,  the  criterion  for  equilibrium  for  a process  proceeding 
at  constant  temperature  and  pressure  is 


AG  - 0 


(1-6) 


Applying  the  equilibrium  condition  in  equation  (5)  we  have 


I yj^dnji^  ■ 0 


(1-7) 


Let  us  now  consider  a general  chemical  reaction  of  the 


form 


(1-8) 


where  denotes  the  stoichiometric  coefficients  and  prime 
denotes  the  products.  Applying  the  general  equilibrium 
condition,  Eq.  (1-7)  in  reaction  (1-8)  we  have 


r • r 

I - I M^dn^  » 0 

Dividing  equation  (1-9)  by  nj^  and  noting  that 


(1-9) 


‘i  ''i 

— and 


»1  v. 

~ » — we  have 


Introducing  now  the  activity  aj|^  as 

* 

Pi  = y + RTln  a^ 


(I-IO) 


(I-ll) 


where  « 6^^  is  the  chemical  potential  evaluated  at 
p « 1 atm. 

Applying  equation  (I-ll)  in  (I-lO)  and  rezurranglng  we 
have  v* 


(1-12) 


where 


AG*  « I Gj^vi  ” I ®i''l 


t 
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Thc  •quillbrlum  conJtant  is  defined  «• 


(1-13) 


In  deriving  equation  (1-13)  no  aaauniption  vaa  made  on  the  ^ 

state  of  the  species » i.e.»  whether  they  are  solids,  liquids  or  I 
gases  and  therefore  the  equilibrium  cohditions  derived  are 
valid  for  a general  system.  In  the  next  sections  we  will 
derive  the  equilibrium  relations  for  ideal  and  non  ideal  [ . | 

gases  and  we  will  also  discuss  the  equilibrium  calculations  i 

in  a heterogeneous  system.  ] 


Chemical 


lilibrium  of  idehl  Gases 


The  equation  of  state  of  an  ideal  gas  is 

- RT 

where  ^ ■ V/n 

For  a multicomponent  mixture 


(1-14) 


• du^  • ^j^dp  - S^dT 


(1-15) 


For  an  Isothermal  process  and  noting  that  for  an  ideal  gee 

^i  * ^1  * ^ then  equatiem  (1-15)  beoosies 

- « RT  ^ (1-16) 

oMi  • dp 

Integrating  equation  (1-16)  between  p « 1 atm  (y^*u^) 
and  p * p we  have 

Ui  • li^  ♦ RTln  5 (1-17) 

Comparing  equation  (1-17)  with  (I-ll)  we  deduce  that  for  an 
ideal  gae  a^  - p^ 


Hence 


tr^  A 


(I-l!)) 


-no- 


where AG*  is  the  standard  Gibbs  free  energy  of  the  system. 

The  equilibrium  constant  can  also  be  expressed  in  terms 
of  the  mole  fractions  of  the  species  by  using  the  relation 


*i  “ Pi^P  (1-20) 

The  corresponding  expression  of  the  equilibrium  constant 


K 


t 

'•i 

ITX  * • 

“^i  d(^v.-Zv.) 

'^i 


11-21) 


Chemical  Equilibrium  of  Real  Gases 

We  define  a new  property  the  fugacity  of  a gas  i,  f^, 
such  as 

+ RTln(f^/fJ)  (1-22) 


Comparison  of  equations  (I-ll)  and  (1-22)  we  have 

fi/f J » a^  » (1-23) 

where  is  the  absolute  activity  of  a substance. 

The  standard  state  of  a real  gas,  i,  we  define  as  the 

* 

state  in  which  the  gas  has  unit  fugacity,  i.e.,  f^^  * 1,  and 
in  which  the  gas  behaves  as  if  it  were  ideal  gas. 

Thus  from  equations  (1-23)  and  (1-18)  we  deduce  that 
for  an  ideal  gas 

f^  - p^  (1-24) 

The  fugacity  coefficient  is  defined  as 

Yi  - f^/Pi  (1-25) 

This  coefficient  represents  a measure  of  the  departure  of  a 
real  gas  from  ideal. 
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For  a gas  that  obeys  Abel's  equation  of  state,  l.e.. 


p(V  - b)  - RT 

The  fugaclty  coefficient  y is  given  by 


(1-26) 


Y - exp(bp/RT) 


tI-27) 


Thus  the  non-ideal  behavior  of  the  gas  Increases  as  the  pressure 
Increases  and  as  the  temperature  decreases. 

The  equilibrium  constant  of  a non-ideal  gas  is  given  by 

the  expression  , . 

''i 

nfi 

K-  - — (1-28) 


Chemical  Equllibritim  of  Condensed  Phases 


The  change  in  the  partial  molal  Gibbs  free  energy  is 
given  by 

dG^  * dUj^  ■ - S^dT  I 


(1-29) 


For  an  Isothermal  process 


dy^  ■ Vj^dp  ■ RTdln  f 

Thus  the  fugaclty  at  p«p  is  related  to  the  fugaclty  at 
p <B  1 atm  by  the  relation- 


(1-30) 


fi(p) 
f^ (latm) 


(1-31) 


Hence 


(P)  fi  (P)  (latm) 

-» nt 

fj^  fj^(latm) 


(P) 


fi(p) 
f^ (latm) 


a (latm) 


(1-32) 
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For  a pura  liquid  or  solid  ths  activity  at  1 at*  1>  sqVfil  to 
unity  (standard  stats) * 

For  gas  * solid  reactions  ths  gsnsral  sxprssfiail  for 
ths  squlllbrluii  constant  is 

• r 

naY  (9as)iiaY  (solid) 

(l-SS) 

na)[  (9as)nt|  (solid) 

For  pxirs  solids  at  nodsrats  prsssurssf  a^f  for  ths  solid 
is  unity « than 

S 

nsY  (gas) 

« -u  K . ...ill....  . (1-34) 

ila^(9as) 
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